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ATTORNEY DOCKET NO. CONFIRMATION NO. 
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ISSUE NOTIFICATION 

The projected patent number and issue date are specified above. 

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b) 
(application filed on or after May 29, 2000) 

The Patent Term Adjustment is 0 day(s). Any patent to issue from the above-identified application will include 
an indication of the adjustment on the front page. 

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that 
determines Patent Term Adjustment is the filing date of the most recent CPA. 

Applicant will be able to obtain more detailed information by accessing the Patent Application Information 
Retrieval (PAIR) WEB site (http://pair.uspto.gov). 

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the 
Office of Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee 
payments should be directed to the Application Assistance Unit (AAU) of the Office of Data Management 
(ODM) at (571)-272-4200. 

APPLICANT(s) (Please see PAIR WEB site http://pair.uspto.gov for additional applicants): 

Jingyue Ju, Englewood Cliffs, NJ; 
The Trustees of Columbia University in the City of New York, New York, NY; 
Zengmin Li, Flushing, NY; 
John Robert Edwards, St. Louis, MO; 
Yasuhiro ltagaki, New York, NY; 

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location 
for business investment, innovation, and commercialization of new technologies. The USA offers tremendous 
resources and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation 
works to encourage and facilitate business investment. To learn more about why the USA is the best country in 
the world to develop technology, manufacture products, and grow your business, visit SelectUSA.gov. 
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EXAMINER 

BERRY,LAYLAD 

ART UNIT PAPER NUMBER 

1673 
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06/09/2017 PAPER 

Please find below and/or attached an Office communication concerning this application or proceeding. 

The time period for reply, if any, is set in the attached communication. 
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Notice of Allowability 

Application No. 
15/380,284 
Examiner 
LAYLA BERRY 

Applicant(s) 
JU ET AL. 
Art Unit 
1673 

AIA (First Inventor to File) 
Status 

No 

-- The MAILING DA TE of this communication appears on the cover sheet with the correspondence address-­
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included 
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS 
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative 
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308. 

1. ~This communication is responsive to IDS submitted Mav26, 2017. 

DA declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on ___ . 

2. D An election was made by the applicant in response to a restriction requirement set forth during the interview on __ ;the restriction 
requirement and election have been incorporated into this action. 

3. ~The allowed claim(s) is/are 61. As a result of the allowed claim(s), you may be eligible to benefit from the Patent Prosecution 
Highway program at a participating intellectual property office for the corresponding application. For more information, please see 
http://www.uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHfeedback@uspto.gov. 

4. D Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 

Certified copies: 

a) D All b) D Some *c) D None of the: 

1. D Certified copies of the priority documents have been received. 

2. D Certified copies of the priority documents have been received in Application No. __ . 

3. D Copies of the certified copies of the priority documents have been received in this national stage application from the 

International Bureau (PCT Rule 17.2(a)). 

* Certified copies not received: __ . 

Applicant has THREE MONTHS FROM THE "MAILING DATE" of this communication to file a reply complying with the requirements 
noted below. Failure to timely comply will result in ABANDONMENT of this application. 
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE. 

5. D CORRECTED DRAWINGS (as "replacement sheets") must be submitted. 

D including changes required by the attached Examiner's Amendment I Comment or in the Office action of 
Paper No./Mail Date __ . 

Identifying indicia such as the application number {see 37 CFR 1.84{c)) should be written on the drawings in the front {not the back) of 
each sheet. Replacement sheet{s) should be labeled as such in the header according to 37 CFR 1.121{d). 

6. 0 DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the 
attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL. 

Attachment(s) 
1. D Notice of References Cited (PT0-892) 

2. ~ Information Disclosure Statements (PTO/SB/08), 
Paper No./Mail Date __ 

3. D Examiner's Comment Regarding Requirement for Deposit 
of Biological Material 

4. D Interview Summary (PT0-413), 
Paper No./Mail Date __ . 

U.S. Patent and Trademark Office 

PTOL-37 (Rev. 08-13) 
20170608 

5. D Examiner's Amendment/Comment 

6. ~ Examiner's Statement of Reasons for Allowance 

7. D Other __ . 

Notice of Allowability Part of Paper No./Mail Date 
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Application/Control Number: 15/380,284 

Art Unit: 1673 

Page 2 

The present application is being examined under the pre-AIA first to invent provisions. 

DETAILED ACTION 

This office action is in response to the IDS submitted May 26, 2017. 

Claim 61 is pending. 

The rejection of claim 61under35 U.S.C. 112(b) or 35 U.S.C. 112 (pre-AIA), second 

paragraph, as being indefinite is withdrawn. The declaration of Jingyue Ju submitted May 8, 

2017 is sufficient to explain what is meant by "small." Applicant's argument that the skilled 

artisan would understand the definitions of R and Y is persuasive. The rejection of claim 1 under 

35 U.S.C., first paragraph is also withdrawn in view of Applicant's arguments. Applicant's 

arguments regarding the Stemple reference and the 2-nitrobenzyl group are sufficient to 

overcome the rejection of claim 61 under pre-AIA 35 U.S.C. 103(a) as being unpatentable over 

Stemple in view of Tsien. 

The terminal disclaimer filed on May 8, 2017 disclaiming the terminal portion of any 

patent granted on this application which would extend beyond the expiration date of any patent 

granted on pending reference Application Number(s) 15380270, 15380311, 15167917 and prior 

patents 7790869 and 7345159 has been reviewed and is accepted. The terminal disclaimer has 

been recorded. 

Reasons for Allowance 

Accordingly, Applicant's response as discussed above is sufficient to remove all 

rejections made in the prior office action and to place the application in condition for allowance. 

Any comments considered necessary by applicant must be submitted no later than the 

payment of the issue fee and, to avoid processing delays, should preferably accompany the issue 
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Application/Control Number: 15/380,284 

Art Unit: 1673 

fee. Such submissions should be clearly labeled "Comments on Statement of Reasons for 

Allowance." 

Any inquiry concerning this communication or earlier communications from the 

Page 3 

examiner should be directed to LAYLA BERRY whose telephone number is (571)272-9572. 

The examiner can normally be reached on Monday - Friday, 10:00 - 6:30 EST. 

Examiner interviews are available via telephone, in-person, and video conferencing using 

a USPTO supplied web-based collaboration tool. To schedule an interview, applicant is 

encouraged to use the USPTO Automated Interview Request (AIR) at 

http://www.uspto.gov/interviewpractice. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 

supervisor, Anna Jiang can be reached on (571) 272-0627. The fax phone number for the 

organization where this application or proceeding is assigned is 571-273-8300. 

Information regarding the status of an application may be obtained from the Patent 

Application Information Retrieval (PAIR) system. Status information for published applications 

may be obtained from either Private PAIR or Public PAIR. Status information for unpublished 

applications is available through Private PAIR only. For more information about the PAIR 

system, see http://pair-direct.uspto.gov. Should you have questions on access to the Private PAIR 

system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free). If you would 

like assistance from a USPTO Customer Service Representative or access to the automated 

information system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 

/LAYLA BERRY I 
Primary Examiner, Art Unit 1673 
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UNITED STA IBS p A IBNT AND TRADEMARK OFFICE 
UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexandria, Virginia 22313-1450 
www.uspto.gov 

NOTICE OF ALLOWANCE AND FEE(S) DUE 

23432 7590 05/26/2017 

COOPER & DUNHAM, LLP 
30 Rockefeller Plaza 
20th Floor 
NEW YORK, NY 10112 

APPLICATION NO. FILING DATE 

15/380,284 12115/2016 

FIRST NAMED INVENTOR 

Jingyue Ju 

TITLE OF INVENTION: MASSIVE PARALLEL METHOD FOR DECODING DNA AND RNA 

EXAMINER 

BERRY,LAYLAD 

ART UNIT PAPER NUMBER 

1673 

DATE MAILED: 05/26/2017 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

62239-BZA9/JPW/AC 5757 

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE PUBLICATION FEE DUE PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATEDUE 

nonprovisional UNDISCOUNTED $960 $0 $0 $960 08/28/2017 

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT. 
PROSECUTION ON THE MERITS IS CLOSED. THIS NOTICE OF ALLOWANCE IS NOT A GRANT OF PATENT RIGHTS. 
THIS APPLICATION IS SUBJECT TO WITHDRAWAL FROM ISSUE AT THE INITIATIVE OF THE OFFICE OR UPON 
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308. 

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE 
MAILING DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED. THIS 
STATUTORY PERIOD CANNOT BE EXTENDED. SEE 35 U.S.C. 151. THE ISSUE FEE DUE INDICATED ABOVE DOES 
NOT REFLECT A CREDIT FOR ANY PREVIOUSLY PAID ISSUE FEE IN THIS APPLICATION. IF AN ISSUE FEE HAS 
PREVIOUSLY BEEN PAID IN THIS APPLICATION (AS SHOWN ABOVE), THE RETURN OF PART B OF THIS FORM 
WILL BE CONSIDERED A REQUEST TO REAPPLY THE PREVIOUSLY PAID ISSUE FEE TOWARD THE ISSUE FEE NOW 
DUE. 

HOW TO REPLY TO THIS NOTICE: 

I. Review the ENTITY STATUS shown above. If the ENTITY STATUS is shown as SMALL or MICRO, verify whether entitlement to that 
entity status still applies. 

If the ENTITY STATUS is the same as shown above, pay the TOTAL FEE(S) DUE shown above. 

If the ENTITY STATUS is changed from that shown above, on PART B - FEE(S) TRANSMITTAL, complete section number 5 titled 
"Change in Entity Status (from status indicated above)". 

For purposes of this notice, small entity fees are 1/2 the amount of undiscounted fees, and micro entity fees are 1/2 the amount of small entity 
fees. 

IL PART B - FEE(S) TRANSMITTAL, or its equivalent, must be completed and returned to the United States Patent and Trademark Office 
(USPTO) with your ISSUE FEE and PUBLICATION FEE (if required). If you are charging the fee(s) to your deposit account, section "4b" 
of Part B - Fee(s) Transmittal should be completed and an extra copy of the form should be submitted. If an equivalent of Part B is filed, a 
request to reapply a previously paid issue fee must be clearly made, and delays in processing may occur due to the difficulty in recognizing 
the paper as an equivalent of Part B. 

III. All communications regarding this application must give the application number. Please direct all communications prior to issuance to 
Mail Stop ISSUE FEE unless advised to the contrary. 

IMPORTANT REMINDER: Utility patents issuing on applications filed on or after Dec. 12, 1980 may require payment of 
maintenance fees. It is patentee's responsibility to ensure timely payment of maintenance fees when due. 

Page 1of3 
PTOL-85 (Rev. 02/11) 

Page 6



PART B - FEE(S) TRANSMITTAL 

Complete and send this form, together with applicable fee(s), to: Mail Mail Stop ISSUE FEE 
Commissioner for Patents 
P.O. Box 1450 

or Fax 
Alexandria, Virginia 22313-1450 
(571)-273-2885 

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 5 should be completed where 
appropriate. All further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as 
indicated unless corrected below or directed otherwise in Block 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for 
maintenance fee notifications. 

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address) 

Note: A certificate of mailing can only be used for domestic mailings of the 
Fee(s) Transmittal. This certificate cannot be used for any other accompanying 
papers. Each additional paper, such as an assignment or formal drawing, must 
have its own certificate of mailing or transmission. 

23432 7590 05/26/2017 

COOPER & DUNHAM, LLP 
30 Rockefeller Plaza 
20th Floor 
NEW YORK, NY 10112 

APPLICATION NO. FILING DATE 

15/380,284 12115/2016 

Certificate of Mailing or Transmission 
I hereby certify that this Fee(s) Transmittal is being deposited with the United 
States Postal Service with sufficient postage for first class mail in an envelope 
addressed to the Mail Stop ISSUE FEE address above, or being facsimile 
transmitted to the USPTO (571) 273-2885, on the date indicated below. 

(Depositor's name) 

(Signature) 

(Date) 

FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO. 

Jingyue Ju 62239-BZA9/JPW/ AC 5757 

TITLE OF INVENTION: MASSIVE PARALLEL METHOD FOR DECODING DNA AND RNA 

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE 

nonprovisional UNDISCOUNTED $960 

EXAMINER ART UNIT 

BERRY,LAYLAD 1673 

1. Change of correspondence address or indication of "Fee Address" (37 
CFR 1.363). 

0 Change of correspondence address (or Change of Correspondence 
Address form PTO/SB/122) attached. 

0 "Fee Address" indication (or "Fee Address" Indication form 
PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer 
Number is required. 

PUBLICATION FEE DUE PREV. PAID ISSUE FEE TOTAL FEE(S) DUE 

$0 $0 

CLASS-SUBCLASS 

536-026100 

2. For printing on the patent front page, list 

( 1) The names of up to 3 registered patent attorneys 
or agents OR, alternatively, 

(2) The name of a single firm (having as a member a 
registered attorney or agent) and the names of up to 
2 registered patent attorneys or agents. If no name is 
listed, no name will be printed. 

$960 

DATEDUE 

08/28/2017 

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type) 

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document has been filed for 
recordation as set forth in 37 CFR 3.11. Completion of this form is NOT a substitute for filing an assignment. 

(A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATE OR COUNTRY) 

Please check the appropriate assignee category or categories (will not be printed on the patent) : 0 Individual 0 Corporation or other private group entity 0 Government 

4a. The following fee(s) are submitted: 

0 Issue Fee 

0 Publication Fee (No small entity discount permitted) 

0 Advance Order - #of Copies _________ _ 

5. Change in Entity Status (from status indicated above) 

0 Applicant certifying micro entity status. See 37 CFR 1.29 

0 Applicant asserting small entity status. See 37 CFR 1.27 

0 Applicant changing to regular undiscounted fee status. 

4b. Payment ofFee(s): (Please first reapply any previously paid issue fee shown above) 

0 A check is enclosed. 

0 Payment by credit card. Form PT0-2038 is attached. 

0 The director is hereby authorized to charge the required fee( s ), any deficiency, or credits any 
overpayment, to Deposit Account Number (enclose an extra copy of this form). 

NOTE: Absent a valid certification of Micro Entity Status (see forms PTO/SB/15A and 15B), issue 
fee payment in the micro entity amount will not be accepted at the risk of application abandonment. 

NOTE: If the application was previously under micro entity status, checking this box will be taken 
to be a notification of loss of entitlement to micro entity status. 

NOTE: Checking this box will be taken to be a notification of loss of entitlement to small or micro 
entity status, as applicable. 

NOTE: This form must be signed in accordance with 37 CFR 1.31and1.33. See 37 CFR 1.4 for signature requirements and certifications. 

Authorized Signature _______________________ _ Date ____________________ _ 

Typed or printed name ______________________ _ Registration No. ________________ _ 

Page 2 of3 

PTOL-85 Part B (10-13) Approved for use through 10/31/2013. OMB 0651-0033 U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 

Page 7



UNITED STA IBS p A IBNT AND TRADEMARK OFFICE 

APPLICATION NO. FILING DATE 

15/380,284 12115/2016 

23432 7590 05/26/2017 

COOPER & DUNHAM, LLP 
30 Rockefeller Plaza 
20th Floor 
NEW YORK, NY 10112 

FIRST NAMED INVENTOR 

Jingyue Ju 

UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexandria, Virginia 22313-1450 
www.uspto.gov 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

62239-BZA9/JPW/AC 5757 

EXAMINER 

BERRY,LAYLAD 

ART UNIT PAPER NUMBER 

1673 

DATE MAILED: 05/26/2017 

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b) 
(Applications filed on or after May 29, 2000) 

The Office has discontinued providing a Patent Term Adjustment (PTA) calculation with the Notice of Allowance. 

Section l(h)(2) of the AIA Technical Corrections Act amended 35 U.S.C. 154(b)(3)(B)(i) to eliminate the 
requirement that the Office provide a patent term adjustment determination with the notice of allowance. See 
Revisions to Patent Term Adjustment, 78 Fed. Reg. 19416, 19417 (Apr. 1, 2013). Therefore, the Office is no longer 
providing an initial patent term adjustment determination with the notice of allowance. The Office will continue to 
provide a patent term adjustment determination with the Issue Notification Letter that is mailed to applicant 
approximately three weeks prior to the issue date of the patent, and will include the patent term adjustment on the 
patent. Any request for reconsideration of the patent term adjustment determination (or reinstatement of patent term 
adjustment) should follow the process outlined in 37 CPR 1.705. 

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of 
Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be 
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0101 or (571 )-272-4200. 

Page 3 of 3 

PTOL-85 (Rev. 02/11) 
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OMB Clearance and PRA Burden Statement for PTOL-85 Part B 

The Paperwork Reduction Act (PRA) of 1995 requires Federal agencies to obtain Office of Management and 
Budget approval before requesting most types of information from the public. When OMB approves an agency 
request to collect information from the public, OMB (i) provides a valid OMB Control Number and expiration 
date for the agency to display on the instrument that will be used to collect the information and (ii) requires the 
agency to inform the public about the OMB Control Number's legal significance in accordance with 5 CFR 
1320.5(b). 

The information collected by PTOL-85 Part B is required by 37 CFR 1.311. The information is required to obtain 
or retain a benefit by the public which is to file (and by the USPTO to process) an application. Confidentiality is 
governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 12 minutes to complete, 
including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary 
depending upon the individual case. Any comments on the amount of time you require to complete this form 
and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and 
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, Virginia 22313-1450. DO NOT 
SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 
1450, Alexandria, Virginia 22313-1450. Under the Paperwork Reduction Act of 1995, no persons are required to 
respond to a collection of information unless it displays a valid OMB control number. 

Privacy Act Statement 

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your 
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the 
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is 
35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which 
the information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission 
related to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and 
Trademark Office may not be able to process and/or examine your submission, which may result in termination of 
proceedings or abandonment of the application or expiration of the patent. 

The information provided by you in this form will be subject to the following routine uses: 
1. The information on this form will be treated confidentially to the extent allowed under the Freedom of 

Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records 
may be disclosed to the Department of Justice to determine whether disclosure of these records is required 
by the Freedom of Information Act. 

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence 
to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of 
settlement negotiations. 

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a 
request involving an individual, to whom the record pertains, when the individual has requested assistance 
from the Member with respect to the subject matter of the record. 

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having 
need for the information in order to perform a contract. Recipients of information shall be required to 
comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m). 

5. A record related to an International Application filed under the Patent Cooperation Treaty in this system of 
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property 
Organization, pursuant to the Patent Cooperation Treaty. 

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes 
of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 
218(c)). 

7. A record from this system of records may be disclosed, as a routine use, to the Administrator, General 
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency's 
responsibility to recommend improvements in records management practices and programs, under authority 
of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations 
governing inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. 
Such disclosure shall not be used to make determinations about individuals. 

8. A record from this system of records may be disclosed, as a routine use, to the public after either publication 
of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a 
record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the 
record was filed in an application which became abandoned or in which the proceedings were terminated 
and which application is referenced by either a published application, an application open to public 
inspection or an issued patent. 

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law 
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation. Page 9



Notice of Allowability 

Application No. 
15/380,284 
Examiner 
LAYLA BERRY 

Applicant(s) 
JU ET AL. 
Art Unit 
1673 

AIA (First Inventor to File) 
Status 

No 

-- The MAILING DA TE of this communication appears on the cover sheet with the correspondence address-­
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included 
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS 
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative 
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308. 

1. [8] This communication is responsive to Applicant's response submitted Mav 8, 2017. 

DA declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on ___ . 

2. D An election was made by the applicant in response to a restriction requirement set forth during the interview on __ ; the restriction 
requirement and election have been incorporated into this action. 

3. [8] The allowed claim(s) is/are 61. As a result of the allowed claim(s), you may be eligible to benefit from the Patent Prosecution 
Highway program at a participating intellectual property office for the corresponding application. For more information, please see 
http://www.uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHfeedback@uspto.gov. 

4. D Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 

Certified copies: 

a) D All b) D Some *c) D None of the: 

1. D Certified copies of the priority documents have been received. 

2. D Certified copies of the priority documents have been received in Application No. __ . 

3. D Copies of the certified copies of the priority documents have been received in this national stage application from the 

International Bureau (PCT Rule 17.2(a)). 

* Certified copies not received: __ . 

Applicant has THREE MONTHS FROM THE "MAILING DATE" of this communication to file a reply complying with the requirements 
noted below. Failure to timely comply will result in ABANDONMENT of this application. 
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE. 

5. D CORRECTED DRAWINGS (as "replacement sheets") must be submitted. 

D including changes required by the attached Examiner's Amendment I Comment or in the Office action of 
Paper No./Mail Date __ . 

Identifying indicia such as the application number {see 37 CFR 1.84{c)) should be written on the drawings in the front {not the back) of 
each sheet. Replacement sheet{s) should be labeled as such in the header according to 37 CFR 1.121{d). 

6. 0 DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the 
attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL. 

Attachment(s) 
1. D Notice of References Cited (PT0-892) 

2. [8] Information Disclosure Statements (PTO/SB/08), 
Paper No./Mail Date __ 

3. D Examiner's Comment Regarding Requirement for Deposit 
of Biological Material 

4. D Interview Summary (PT0-413), 
Paper No./Mail Date __ . 

U.S. Patent and Trademark Office 

PTOL-37 (Rev. 08-13) 
20170519 

5. D Examiner's Amendment/Comment 

6. [8] Examiner's Statement of Reasons for Allowance 

7. D Other __ . 

Notice of Allowability Part of Paper No./Mail Date 
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The present application is being examined under the pre-AIA first to invent provisions. 

DETAILED ACTION 

This office action is in response to Applicant's arguments submitted May 8, 2017. 

Claim 61 is pending. 

The rejection of claim 61under35 U.S.C. 112(b) or 35 U.S.C. 112 (pre-AIA), second 

paragraph, as being indefinite is withdrawn. The declaration of Jingyue Ju submitted May 8, 

2017 is sufficient to explain what is meant by "small." Applicant's argument that the skilled 

artisan would understand the definitions of R and Y is persuasive. The rejection of claim 1 under 

35 U.S.C., first paragraph is also withdrawn in view of Applicant's arguments. Applicant's 

arguments regarding the Stemple reference and the 2-nitrobenzyl group are sufficient to 

overcome the rejection of claim 61 under pre-AIA 35 U.S.C. 103(a) as being unpatentable over 

Stemple in view of Tsien. 

The terminal disclaimer filed on May 8, 2017 disclaiming the terminal portion of any 

patent granted on this application which would extend beyond the expiration date of any patent 

granted on pending reference Application Number(s) 15380270, 15380311, 15167917 and prior 

patents 7790869 and 7345159 has been reviewed and is accepted. The terminal disclaimer has 

been recorded. 

Reasons for Allowance 

Accordingly, Applicant's response as discussed above is sufficient to remove all 

rejections made in the prior office action and to place the application in condition for allowance. 

Any comments considered necessary by applicant must be submitted no later than the 

payment of the issue fee and, to avoid processing delays, should preferably accompany the issue 
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fee. Such submissions should be clearly labeled "Comments on Statement of Reasons for 

Allowance." 

Any inquiry concerning this communication or earlier communications from the 

Page 3 

examiner should be directed to LAYLA BERRY whose telephone number is (571)272-9572. 

The examiner can normally be reached on Monday - Friday, 10:00 - 6:30 EST. 

Examiner interviews are available via telephone, in-person, and video conferencing using 

a USPTO supplied web-based collaboration tool. To schedule an interview, applicant is 

encouraged to use the USPTO Automated Interview Request (AIR) at 

http://www.uspto.gov/interviewpractice. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 

supervisor, Anna Jiang can be reached on (571) 272-0627. The fax phone number for the 

organization where this application or proceeding is assigned is 571-273-8300. 

Information regarding the status of an application may be obtained from the Patent 

Application Information Retrieval (PAIR) system. Status information for published applications 

may be obtained from either Private PAIR or Public PAIR. Status information for unpublished 

applications is available through Private PAIR only. For more information about the PAIR 

system, see http://pair-direct.uspto.gov. Should you have questions on access to the Private PAIR 

system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free). If you would 

like assistance from a USPTO Customer Service Representative or access to the automated 

information system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 

/LAYLA BERRY/ 
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Applicant 

Inventors : 

Serial No. : 

Filed 

Conf. No. 

For 

BY EFS 

Dkt. 62239-BZA9/JPW/AC 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

The Trustees of Columbia University in the City 
of New York 

Jingyue Ju et al. 

15/380,284 Examiner: Layla D. Berry 

December 15, 2016 Art Unit: 1673 

5757 

MASSIVE PARALLEL METHOD FOR DECODING DNA AND RNA 

30 Rockefeller Plaza 
20th Floor 
New York, New York 10112 
May 8, 2017 

Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

RESPONSE TO FEBRUARY 8, 2017 OFFICE ACTION 

This is a response to the Office Action mailed February 8, 2017 in 

connection with the above-identified application. A response is due May 

8, 2017. Accordingly, this response is being timely filed. 
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Applicant : The Trustees of Columbia University in the City of New York 
Serial No.: 15/380,284 
Filed December 15, 2016 
Page 2 of 12 of Response to February 8, 2017 Office Action 

REMARKS 

I. STATUS OF CLAIM 

The sole claim pending in this application is previously pending claim 

61. 

II. INTERVIEW SUMMARY 

Applicant thanks Examiner Berry and her supervisor Examiner Jiang for 

the courtesy extended during the interview on April 17, 2017 at the 

U.S. Patent and Trademark Office during which the subject application 

and related applications, in which similar office actions were issued, 

were discussed. The interview was attended by the first named inventor, 

Dr. Jingyue Ju; Ms. Jane Shershenovich on behalf of Qiagen, the 

licensee of rights in these applications; and the undersigned in 

addition to Examiners Berry (by videoconference) and Examiner Jiang (in 

person). 

Applicant thinks this interview was most constructive and appreciates 

the opportunity to present its position and address questions raised by 

the Examiners. The substance of applicant's position as put forth 

during the interview is reflected in the remarks which follow. 

III. REJECTION FOR INDEFINITENESS 

On pages 2-4 of the Office Action, claim 61 was rejected under 35 

U.S. C. §112 as indefinite. The issues raised in connection with this 

rejection and applicant's responses to these issues, as discussed 

during the April 17, 2017 interview, are as follows: 

A. Meaning of "Small" 

In the Office Action, the Examiner indicated that the term "small" in 

claim 61 is a re la ti ve term; the specification does not provide a 

standard for assessing whether any 3'-0 capping group is small; and a 

person of ordinary skill in the art ("POSA") would not be reasonably 
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Applicant : The Trustees of Columbia University in the City of New York 
Serial No.: 15/380,284 
Filed December 15, 2016 
Page 3 of 12 of Response to February 8, 2017 Office Action 

apprised of the scope of the invention because of the presence of the 

term "small" since the specification does not define "small" and 

provides only two examples, MOM ether and Al lyl ether. The Examiner 

concluded that the POSA would not have known which other groups meet 

the limitation "small". 

Applicant notes that a relative term is not automatically indefinite 

[MPEP 2175.05(b)] More importantly, applicant maintains that the 

published version of the specification of the subject application at 

paragraphs 6-8 and 35, taken together with FIG. 1 referred to in 

paragraph 6 of the published application, set forth a standard for 

assessing whether a 3'-0 capping group is "small" based on its ability 

to fit into the active site of a polymerase. As of October 6, 2000, the 

POSA reading the specification would have understood that "small" 

referred to the ability to fit into the active site of the polymerase 

defined by reference to the three-dimensional structure shown in FIG. 

1. The POSA would have further understood that FIG. 1 corresponds to 

FIG. 6 of previously published Pelletier et al. (Science, Vol. 2 64, 

June 24, 1994, 1891-1903) cited in paragraph 6 of the published 

application. The POSA would also have understood that Pelletier et al. 

disclosed, on page 1903, the precise coordinates of the structure of 

the polymerase in "References and Notes" 101 and, in Table 3 on page 

1897, the distances between the sugar of the nucleotide analogue and 

the key amino acids in the active site of the polymerase. [See also 

paragraphs 11-13 of the accompanying Declaration of Jingyue Ju, Ph.D. 

attached hereto as Exhibit 1, including the copy of Pelletier et al. 

attached to the Declaration as Exhibit B.] 

The POSA in October 2000 would have readily known whether any given R 

when present as OR (a 3'-0 capping group) was small by this standard 

using the published coordinates and available software such as Chem3D 

Pro. More specifically, using this approach the POSA would have known 

that the space available around the 3' position of a deoxyribose in the 

active site of the polymerase was approximately 3.7A in diameter. By 

this standard, R when present as OR would need to be less than 3.7A in 

diameter. Consistently, the POSA would have known that the two examples 

in the application, MOM and Allyl with diameters of 2. lA and 3. oA, 
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respectively, would fit in the active site of the polymerase and would 

be "small". [See also paragraphs 14-16 of the Declaration of Jingyue 

Ju, Ph.D. and the Analysis discussed therein and attached to the 

Declaration as Exhibit C.] 

Using this standard the POSA also would have known which other 3' -0 

capping groups meet the definition "small" and have the other features 

recited in the claim and would, for example, have readily determined 

that groups such as Methylthiomethyl and Azidomethyl were "small" and 

would fit in the active site while a group such as a 2-Ni trobenzyl 

group which has a diameter of 5A was not "small" and would not fit into 

the active site of the polymerase. [See also paragraph 17 of the 

Declaration of Jingyue Ju, Ph.D. and the Analysis attached thereto as 

Exhibit C.] 

As Dr. Ju opines, the POSA reading the subject application and relying 

on information publicly known as of October 2000 would have known that 

the standard for assessing whether any specific 3'-0 capping group in a 

nucleotide analogue was "small" was whether it has a diameter less than 

3.7A so that it would fit into the active site of the polymerase. [See 

also paragraph 18 of the Declaration of Jingyue Ju, Ph.D.] 

Therefore, the meaning of "small" would not have been indefinite to the 

POSA. To the contrary, its meaning would have been reasonably certain 

to the POSA to the extent required by 35 U.S.C. §112. 

B. Definition of R 

In the Office Action, the Examiner indicated that the definition of R 

in the claim is unclear since the only structural limitations recited 

are "does not contain a ketone group" and "is not a methoxy group or an 

ester group." The Examiner acknowledged that the claim also recited 

functional characteristics of R such as "does not interfere with 

recognition of the analogue as a substrate by the polymerase" and "is 

stable during a DNA polymerase reaction." 

As an initial matter applicant points out that, in the claim, R is 
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further defined as a small, chemically cleavable, chemical group 

capping the 3' oxygen of the sugar of a nucleotide analogue, and that 

in the structure in the claim, R is shown as covalently bound to the 3' 

oxygen. With the meaning of "small" defined as indicated in the 

preceding section and the two examples provided in the application, the 

POSA would readily know which chemical capping groups could be R since 

the size (diameter) and other properties required by the claim would be 

easily determined in the context of the claim as a whole. In this 

regard, applicant emphasizes that there is nothing wrong with using 

functional language to define features so long as the invention recited 

in the claim is not being defined entirely by functional features [MPEP 

2173. 05 (g)] . Similarly, there is nothing wrong with using negative 

limitations [MPEP 2173.0S(i)]. 

Moreover, prior art as of October 2000, including the Tsien and Stemple 

references cited in the Office Action in the rejection for obviousness, 

identify numerous chemically cleavable, 3'-0 capping chemical groups, 

each of which could be readily evaluated to determine whether it was 

"small" and also whether it met other requirements of the claim such as 

the structural features "is not a methoxy or an ester group" [contrary 

to the teachings of Tsien that such groups could be used in sequencing 

by synthesis] and "does not contain a ketone group". The POSA would 

have understood, with reasonably certainty, the meaning of R and would 

not have found its meaning unclear. 

Declaration of Jingyue Ju, Ph.D.] 

C. The scope of Y 

[See also paragraph 19 of the 

In the Office Action the Examiner further indicated that the scope of Y 

in the claim is unclear; and that no structural features are recited, 

only the functional limitations "does not interfere with recognition of 

the analogue as a substrate by a DNA polymerase" and "is stable during 

a polymerase reaction." 

Applicant initially points out that Y is also defined in the claim as a 

chemically cleavable, chemical linker and a POSA would have readily 

understood the meaning of Y, with reasonably certainty, as required by 
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35 U.S.C. §112. Applicant further points out that the "scopeu of the 

claim should not be equated with indefiniteness [MPEP 2173.04]. 

Applicant further points out that in the Office Action, in the 

rejection for obviousness, the Examiner refers to Stemple and Tsien as 

disclosing examples of chemically cleavable, chemical linkers. 

Applicant agrees. Therefore, like the Examiner, the POSA would have 

readily understood the meaning of a chemically cleavable, chemical 

linker (Y) • In addition, the structure in the claim shows the 

structural features of covalent bonds joining Y to a specific position 

on the base at one end and to the fluorescent tag at the other end. 

Applicant also directs the Examiner's attention to FIGS. 7, 8, 10, and 

15A of the application. The POSA would have been familiar with both the 

term chemically cleavable, chemical linker and numerous examples from 

the prior art and would have understood its meaning with reasonable 

certainty. [See also paragraph 2 0 of the Declaration of Jingyue Ju, 

Ph.D.] 

D. Other functional characteristics 

In the Office Action the Examiner indicated that the claim recites 

functional characteristics of the entire molecule which could impact 

the scope of R and Y and that these functional characteristics do not 

set forth well-defined boundaries of the invention because they only 

state a problem to be solved or a result to be achieved. The Examiner 

further indicates there is no clear-cut indication of the scope of the 

subject matter covered by the claim. Finally, the Examiner refers to 

Federal Register Vol. 76, No. 27, Wednesday, February 9, 2011 Notices, 

page 7165, first column, which discusses when functional language may 

be problematic. 

Applicant initially notes that the Examiner seems to be confusing the 

scope of claim with indefiniteness [MPEP 2173.04]. 

With respect to the cited Federal Register Notice, applicant points out 

that the Notice set forth proposed changes whereas MPEP 2173 set forth 

the final version. Further, the paragraph immediately preceding the 
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paragraph cited by the Examiner states inter alia that ( 1) there is 

nothing intrinsically wrong with the use of functional claim language 

directing the reader to §112, 6ch paragraph, which expressly authorizes 

using such language; and ( 2) functional claiming preceded by a 

structural feature is often used and permitted citing In re Schreiber 

[128 F.3d 1473, 1478 (Fed. Cir. 1997)]. 

MPEP 2173 and the cited Federal Register Notice make it clear that the 

relevant determination is whether a POSA would understand what is being 

claimed in light of the specification with reasonable certainty. By 

this criteria, the properties of the claimed nucleotide analogue are 

clear and not indefinite. [See also paragraph 21 of the Declaration of 

Jingyue Ju, Ph.D.] 

Finally, this is clearly not a case where the entire invention is 

defined functionally as a problem to be solved or a result to be 

achieved. To the contrary, the invention is defined by a chemical 

structure most of which is fixed with a few variable groups of the type 

well known in the art, with the features of the variable groups well 

defined and not indefinite. 

E. Conclusion 

Based on the preceding remarks and the accompanying Declaration of 

Jingyue Ju, Ph.D. including the Exhibits attached to the Declaration, 

applicant maintains that the pending claim satisfies the requirements 

of definiteness imposed by 35 U.S.C. §112 and requests that the 

Examiner reconsider and withdraw this ground of rejection. 

IV. REJECTION FOR FAILURE TO COMPLY WITH WRITTEN DESCRIPTION REQUIREMENT 

In the Office Action, the pending claim was also rejected under 35 

u.s.c. §112 for failing to comply with the written description 

requirement. 

In support of this rejection the Examiner asserted that the claim 

contains subject matter not described in the specification in such a 
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way as to reasonably convey that the inventor had possession of the 

invention. 

According to MPEP 2163, possession of a claimed invention is shown by 

describing the invention with all of its features. Among the factors 

supporting the presence of an adequate written description in this case 

are the following: 

1. There is literal support for the claim as shown in the claim support 

table attached hereto as Exhibit 2. Even though literal support 

(haec verba) is not legally required, its presence is strong 

evidence of the presence of an adequate written description. As 

noted in MPEP 2163.04, the Examiner has the burden to establish lack 

of written description, which is presumed to be present when the 

claim has literal support. 

2. There are examples of the claimed invention showing the invention 

was complete. See especially FIGS. 7, 

application. 

8, 10, and 15A of the 

3. The invention was ready for patenting as evidenced by the grant of 

broader claims in related patents having the same specification and 

cited in the Office Action in the obviousness-type double patenting 

rejection. 

4. The scope of the claim is not much larger than the examples given. 

To 

In this regard, there are estimated to be not more than ten R 

groups (chemically cleavable, 3' -0 capping groups) that meet the 

criteria of the claim and two are exemplified. In this context 

there is clearly a representative number of examples in the 

application. [See also paragraph 22 of the Declaration of Jingyue 

Ju, Ph.D.] 

support this rejection, the Examiner also referred to the 

indefiniteness rejection. As discussed above, the indefiniteness 

rejection should be withdrawn. 
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In this regard, applicant understood from the April 17, 2017 interview 

that the rejection for failure to provide an adequate written 

description was made in conjunction with the rejection for 

indefiniteness as provided in MPEP 2163.03 and that it would likely be 

withdrawn if the indefiniteness rejection were withdrawn. 

Similarly, the suggestion that the claim merely recited the solution to 

a problem or a desired result merely using functional language is 

misplaced since the claim recites a specific chemical structure most of 

which is fixed and highly precise with the variable groups well 

defined. 

In this case, the presence of examples is important evidence of an 

adequate written description and establishes that the inventors were in 

possession of the claimed invention. Here, the POSA would have 

immediately envisioned the claimed compound based on the specification, 

drawings, and examples. [See also paragraph 23 of the Declaration of 

Jingyue Ju, Ph.D.] 

In conclusion, applicant has clearly shown that the inventors were in 

possession of the claimed invention. The rejection for failure to 

provide an adequate written description should be withdrawn. 

V. OBVIOUSNESS 

In the Office Action, the claims were rejected under 35 U.S.C. §103 for 

obviousness over Stemple in view of Tsien. This rejection was 

predicated upon the following two presumed facts relating to Stemple: 

1. The 2-Nitrobenzyl group disclosed by Stemple as a 3'-0 capping group 

(R) on a deoxyribose was "small" within the meaning of the claim 

pending in the subject application; and 

2. A nucleotide analogue containing a 2-Nitrobenzyl ether group (OR) at 

the 3' position of a deoxyribose such as one suggested by Stemple 

could be incorporated onto the end of a DNA strand by a polymerase. 
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Each of these presumed facts is not true. Therefore, the rejection on 

the ground of obviousness based on these presumed facts is fatally 

flawed and cannot be maintained. 

First, the 2-Nitrobenzyl group disclosed by Stemple as the 3'-0 capping 

group on a nucleotide analogue is not a "small" chemical capping group 

within the meaning of the pending claim. As pointed out above in the 

discussion of the meaning of "small", the available space in the active 

site of the polymerase is approximately 3. 7A in diameter, but a 2-

Ni trobenzyl group is SA in diameter. Therefore, the 2-Nitrobenzyl group 

disclosed by Stemple is not "small" within the meaning of the claim. 

[See also paragraphs 17 and 24 of the Declaration of Jingyue Ju, Ph.D., 

and the "Analysis" referred to therein and attached as Exhibit C to the 

Declaration.] 

Second, the nucleotide analogue containing a 2-Nitrobenzyl ether group 

at the 3' position of a deoxyribose disclosed by Stemple cannot, in 

fact, be incorporated by the polymerase. Citing Metzker et al., Nucleic 

Acids Research, Vol. 22, 4259-4267 (1994), Stemple predicts on pages 

13, 29, and 31 that a nucleotide analogue with a 2-Nitrobenzyl group 

attached to the 3'-0 of a deoxyribose will be incorporated by 

polymerase and will serve as a reversible chain terminator. However, 

this prediction proved to be wrong. In 2007, Wu et al. Nucleic Acids 

Research, Vol. 35, 6339-6349 (2007), which includes Metzker as the 

senior author, published that the compound thought to have been made 

and incorporated onto a DNA strand using a polymerase in 1994 had, in 

fact, not been made. The compound actually made in 1994 was a 

nucleotide analogue with a 2-Nitrobenzyl group added to the base of the 

nucleotide, not to the sugar. The authors of Wu et al. further 

described in 2007 that they had actually synthesized the compound they 

mistakenly reported having made in 1994, tested the compound for 

incorporation by DNA polymerase, and found that the compound was not 

incorporated. [Copies of the Metzker et al. 1994 paper and of the Wu et 

al. 2007 paper are attached to the Declaration of Jingyue Ju, Ph.D. as 

Exhibits D and E, respectively; see also paragraph 25 of the 

Declaration of Jingyue Ju, Ph.D.] 
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Therefore, al though in October 2000 the POSA would have thought a 

deoxyribonucleotide analogue with a 2-Ni trobenzyl group capping the 

3' -0 of the deoxyribose would have been incorporated onto a primer 

strand by a DNA polymerase, the POSA would have been wrong. The 2-

Nitrobenzyl group is not "small" within the meaning of the claim and 

such a nucleotide analogue would not fit in the active site of the 

polymerase and would not be incorporated by the polymerase. 

In view of these facts, the applicant's inventive insight as to the 

importance of the 3' -0 capping group being "small" within the meaning 

provided in the subject patent application in order to fit into the 

active site of the polymerase, taken together with the other features 

in the claim, would clearly not have been obvious to the POSA. [See 

also paragraphs 26 and 27 of the Declaration of Jingyue Ju, Ph.D.] 

In conclusion, the rejection under 35 U.S.C. §103 based on the 

disclosure in Stemple of a 2-Nitrobenzyl as the 3'-0 capping group on a 

nucleotide analogue would not have rendered applicant's claimed 

invention obvious to the POSA when combined with the other cited art. 

Therefore, applicant requests that the Examiner reconsider and withdraw 

this ground of rejection. 

VI. OBVIOUSNESS-TYPE DOUBLE PATENTING 

In response to the obviousness-type double patenting rejections set 

forth in the Off ice Action, applicant, without conceding the 

correctness of these rejections, is concurrently filing an eTerminal 

Disclaimer with respect to each of the reference patents and patent 

applications 

rejections. 

VII. SUMMARY 

cited in the rejections, including the provisional 

Applicant maintains that all grounds of rejection set forth in the 

Office Action have been overcome and earnestly solicits allowance of 

the sole claim pending in the application. 
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If a telephone interview would be of assistance in advancing 

prosecution of the subject application, applicant's undersigned 

attorney invites the Examiner to telephone him at the number provided 

below. 

No fee, other than the $160.00 fee for E-filing the Terminal Disclaimer 

for which authorization to-charge Deposit Account No. 03-3125 was given 

in connection with the separate E-filing of the Terminal Disclaimer, is 

deemed necessary in connection with the filing of this Response. 

However, if any further fee is due, authorization is hereby given to 

charge the amount of any such fee to Deposit Account No. 03-3125. 

Certificate of Transmission 
I hereby certify that this 
correspondence is being 
transmitted via the Electronic 
Filing System (EFS) to the U.S. 
Patent and Trademark Office on May 
8, 2017. 

Reg. No. 28,678 

Respectfully submitted, 

~t JohnP:hite 
Registration No. 28,678 
Attorney for Applicant 
Cooper & Dunham LLP 
30 Rockefeller Plaza 

20th Floor 
New York, New York 10112 
(212) 278-0400 
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Serial No.: 
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For 
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The Trustees of Columbia University in the City 
of New York 

Jingyue Ju et al. 

15/380, 284 Examiner: Layla D. Berry 
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MASSIVE PARALLEL METHOD FOR DECODING DNA AND RNA 

30 Rockefeller Plaza 
20th Floor 
New York, New York 10112 

Commissioner for Patents 
Alexandria, VA 22313-1450 

DECLARATION UNDER 37 C.F.R. §1.132 OF JINGYUE JU, PH.D. 

I, Jingyue Ju, Ph.D., declare as follows: 

1. I am the first named inventor on the above-identified patent 

application. 

2. I am a Professor of Chemical Engineering and Pharmacology and 

the Director of the Center for Genome Technology and 

Biomolecular Engineering at Columbia University in the City of 

New York ("Columbia"). 

3. Columbia is the owner (assignee) of rights in the above­

identified patent application and has granted a license to the 

patent application and any patent issued from it to Qiagen. 

4. I have been a professor at Columbia since 1999 and my research 

at Columbia has focused on developing new molecules and 

methods for DNA sequencing. 

5. Prior to 1999, I worked at Incyte Genomics, Inc. and my work 

there focused on developing and improving DNA sequencing 

methods for the discovery and sequence identification of genes 

within the human genome. 

Applicant: The Trustees of Columbia 
University in the City of New York 
U.S. Serial No.: 15/380,284 
Filed: December 15, 2016 
Exhibit 1 
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6. A copy of my curriculum vitae is attached hereto as Exhibit A. 

As indicated therein, I am a named inventor on 39 issued U.S. 

patents and an author on 96 scientific publications. 

7. Based on my extensive experience and expertise in the research 

and development of DNA sequencing and related technologies, 

including the design and synthesis of nucleotide analogues and 

the preparation and use of labeled nucleotide analogues, I am 

very well familiar with the level of education, knowledge and 

experience of persons working in these areas. 

8. Based on legal advice concerning the meaning of the phrase a 

"person of ordinary skill in the art" or "POSA", I think I am 

well qualified to comment on the appropriate definition of a 

POSA in the field of DNA sequencing and on issues in this 

field from the perspective of a POSA as of October 6, 2000. In 

this regard, my opinion is that a POSA would have been a 

person with a Ph.D. degree in chemistry, chemical biology, or 

a related discipline and at least two years postdoctoral 

experience in the area of DNA sequencing, particularly the 

design and synthesis of nucleotide analogues for use in DNA 

sequencing. 

9. This Declaration sets forth my opinions as to what a POSA' s 

understanding would have been as of October 2000 concerning 

various issues raised by the Examiner with respect to the 

single claim pending in the above-identified patent 

application. 

I. Indefiniteness 

A. Meaning of "small" 

10. I understand that the Examiner has raised a concern that the 

term "small", which appears in the claim, is indefinite and 

that a POSA would not have had an understanding of the meaning 

of the term in the context of the claim because the 
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specification does not provide a standard for assessing 

whether a 3' -0 capping group R on the sugar of the claimed 

nucleotide analogue is "small". 

11. In my opinion, a POSA reading the application, particularly 

paragraphs 6-8 of the published version of the application and 

Fig. 1 of the application including the brief description of 

Fig. 1 in paragraph 35, would readily have understood that the 

application indicates that the standard for assessing whether 

a 3'-0 capping group R is "small" is the ability of the group 

to fit into the active site of the DNA polymerase shown in 

Fig. 1 of the patent application. 

12. The POSA would further have understood that the 30 structure 

shown in Fig. 1 is the same as Fig. 6 previously published by 

Pelletier et al. (Science, Vol. 264, June 24, 1994, 1891-1903) 

and referred to in paragraph 6 of the published version of 

this patent application. A copy of Pelletier et al. is 

attached hereto as Exhibit B. 

13. The POSA would also have known the precise coordinates of the 

polymerase structure based on the publication of Pelletier et 

al. (see "References and Notes" 101, page 1903) and the 

distances between the sugar of the nucleotide analogue and the 

key amino acids located in the active site of the polymerase 

(see Table 3, page 1897 of Pelletier et al.). 

14. With the information in the patent application and the 

information available in Pelletier et al. and software 

available in October 2000, such as Chem3D Pro, the POSA could 

have readily calculated the space available around the 3' 

position of a deoxyribose of a nucleotide analogue in the 

active site of the polymerase. 

15. I have performed an analysis of the space available within the 

active site of the polymerase to accommodate a 3' -0 capped 
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dNTP and prepared a written summary of the result of this 

analysis attached hereto as Exhibit C. As explained in greater 

detail in the attached Analysis, the available space is 

approximately 3. 7A in diameter. Given this available space, 

the POSA would have understood that the term "small", in the 

context of the claimed nucleotide analogue, assessed by the 

standard provided in the patent application meant a 3'-0 

capping group with a diameter less than 3.7A. 

16. Using this standard the POSA could have readily determined 

that the two examples of 3' -0 capping groups listed in the 

application, Allyl and Methoxymethyl, had diameters of 3. OA 

and 2.lA, respectively, and therefore were "small." (see 

attached Analysis, Exhibit C) 

17. Using this standard, the POSA could also have readily 

determined which of the many known 3' -0 capping groups were 

"small". Thus, the POSA would have determined that 

Methyl thiomethyl and Azidomethyl, with diameters of 2. 4A and 

2. lA, respectively, were "small" while 2-Ni trobenzyl with a 

diameter of SA was not small (see attached Analysis, Exhibit 

C). 

18. In summary, a POSA reading the above-identified application 

and relying on information publicly known as of October 2000 

would have known that the standard for assessing whether any 

specific 3'-0 capping group in a nucleotide analogue was 

"small" was whether it had a diameter less than 3.7A so that 

it could 

Therefore, 

indefinite. 

fit 

the 

into the 

meaning 

B. Definition of R is clear 

active site of the polymerase. 

of "small" would not have been 

19. With the meaning of "small" well defined, the POSA looking at 

the structure shown in the pending claim and the definition of 
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R in the claim would have been able to readily know whether 

any given 3' -0 capping group in a nucleotide analogue came 

within the scope of the claim. In this regard, prior art 

references as of October 2000, such as Tsien (WO 91/06678, May 

16, 1991) and Stemple (WO 00/53805, September 14, 2000), 

identify numerous, chemically cleavable 3'-0 capping groups 

which could be readily evaluated to determine whether they 

were "smallu and also meet other conditions of the claim such 

as the structural features "OR is not a methoxy or an ester 

groupu and R "does not contain a ketone groupu. Thus, the POSA 

would have understood with reasonable certainty the definition 

of R in the context of the patent application as a whole. 

C. The scope of Y 

20. Y is defined as a chemically cleavable, chemical linker and as 

shown in the structure shown in the pending claim, Y is 

attached by covalent bonds at one end to the base of a 

nucleotide analogue at a specific position and at the other 

end to a detectable fluorescent moiety. A POSA would have been 

familiar with many such chemical linkers from the prior art as 

of October 2000 including such linkers described by Tsien and 

Stemple. Therefore, a POSA would have readily understood the 

meaning of Y in the context of the pending claim as a whole 

read in light of the patent application. 

D. Other functional characteristics 

21. In the context of the pending claim as a whole read in light 

of the patent application, a POSA would have readily 

understood the meaning of the functional characteristics 

recited in the claim with reasonable certainty. To the POSA 

who had read the patent application, the scope of the 

structures encompassed by the claimed nucleotide analogue 

would have been clear and not indefinite. 
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II. Written Description 

22. Contrary to the Examiner's assertion a POSA would have 

understood that the inventors of the claimed invention had 

possession of the invention for at least the following 

reasons: 

a. Only a limited number of 3'-0 capping groups meet the 

standard of "small" along with the other structural and 

functional features recited in the claim. I estimate the 

number of such groups would be less than 10 and 2 examples 

of such groups were provided. 

b. The application contains a detailed description, including 

figures and examples, which shows that the invention was 

complete. 

c. There is literal support in the application for the claim 

language. 

d. The invention was ready for patenting as evidenced by the 

previous grant of patents from the same specification cited 

in the rejection for obviousness-type double patenting. 

23. Based on the application, including the drawings and examples, 

a POSA would have immediately envisioned the scope of 

compounds encompassed by the specific chemical structure 

recited in the claim, most of which is fixed and with only a 

few variables which are well defined and not indefinite, for 

the reasons set forth above. 

Stemple's 2-Nitrobenzyl Group And Obviousness 

24. As discussed in paragraph 17 above and in the attached 

Analysis (Exhibit C), the 2-Nitrobenzyl 3'-0 capping group 

ref erred to in Stemple has a diameter of 5A and therefore is 
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not "small" by the standard provided in the patent 

application. 

25. Without the insight into the importance of the 3' -0 capping 

group being small, a POSA, reading Stemple's hypothetical 

examples and the Metzker 1994 paper (Metzker et al., Nucleic 

Acids Research, Vol. 22, October 11, 1994, 4259-4267) relied 

upon by Stemple on pages 13, 29 and 31, would have expected 

that a nucleotide analogue with a 2-Nitrobenzyl 3' -0 capping 

group would be incorporated by a polymerase and therefore must 

fit in the active site of the polymerase. A copy of the 

Metzker 1994 paper is attached hereto as Exhibit D. 

2 6. Therefore, from Stemple it would not have been obvious to a 

POSA that the 3' -0 capping group must be smaller than a 2-

Nitrobenzyl group for a nucleotide analogue containing the 

group to be incorporated by a polymerase. The subject patent 

application teaches for the first time that Stemple's 

prediction based on the Metzker 1994 paper that a nucleotide 

analogue with a 2-Nitrobenzyl 3'-0 capping group would be 

incorporated by a polymerase was incorrect because the 2-

Ni trobenzyl group is not "small". Subsequently Metzker, the 

senior author of Wu et al., (Nucleic Acids Research, Vol. 35, 

September 18, 2007, 6339-6349) acknowledged in 2007 that the 

compound actually made and reported in the Metzker 1994 paper 

was not, in fact, a 3'-0 2-Nitrobenzyl capped nucleotide 

analogue. Wu et al. further indicated that they had actually 

made the 3'-0 2-Nitrobenzyl capped nucleotide analogue 

described in the Metzker 1994 paper (but not, in fact, made in 

1994) and had tested it for incorporation by polymerase. The 

result was that the compound was inactive in DNA polymerase 

incorporation assays. (see page 6339, lower right, and page 

6340, left column, of Wu et al. attached hereto as Exhibit E.) 

27. Thus, the insig.ht into the critical importance of using a 

"small" 3' -0 capping group for a nucleotide analogue where 
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"small" means that the 3' -0 capping group must fit in the 

active site of the polymerase and has a diameter less than 

3. 7A, would not have been appreciated by a POSA prior to 

having this patent application available. It. would not. have· 

been obvious to a POSA in October 2000 from the prior art, 

such as Metzker and Stemple, which mistakenly teach that a 

nucleotide analogue with a larger 3' -0 capping group, i.e. a 

2-Nitrobenzyl group, could be ~ncorporated by polymerase, that 

.it was required to use a nucleotide analogue with a "small" 

3'-0 capping group R having the additional features recited in 

the sole pending claim. 

I hereby declare that all statements made herein of our own 

knowledge are true and that all statements made h{::.rein on 

information and belief are believed to be true; and furtrier that 

these statements were made with the knowledge that willful false 

statements and the like so made are punishable by fine or 

imprisonment, or both, under section 1001 of Title 18 of the United 

States Code, and that such willful false statements may jeopardize 

the validLty of the subject application or any patent issuing 

thereon. 

Jingyue ,.Ju, Ph.D. 
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Structures of Ternary Complexes 
of Rat DNA Polymerase (3, a DNA 

Template-Primer, and ddCTP 
Huguette Pelletier, Michael R. Sawaya, Amalendra Kumar, 

Samuel H. Wilson, Joseph Kraut 

Two ternary complexes of rat DNA polymerase 13 (pol 13), a DNA template-primer, and dide­
oxycytidine triphosphate (ddCTP) have been determined at 2.9 A and 3.6 A resolution, 
respectively. ddCTP is the triphosphate of dideoxycytidine (ddC), a nucleoside analog that 
targets the reverse transcriptase of human immunodeficiency virus (HIV) and is at present 
used to treat AIDS. Although crystals of the two complexes belong to diff.erent space groups, 
the structures are similar, suggesting that the polymerase-DNA-ddCTP interactions are not 
affected by crystal packing forces. In the pol 13 active site, the attacking 3'-0H of the 
elongating primer, the ddCTP phosphates, and two Mg2 + ions are all clustered around 
Asp190, Asp192, and Asp256• Two of these residues, Asp190 and Asp256, are present in the 
amino acid sequences of all polymerases so far studied and are also spatially similar in the 
four polymerases-the Kienow fragment of Escherichia coli DNA polymerase I, HIV-1 
reverse transcriptase, T7 RNA polymerase, and rat DNA pol j3--whose crystal structures are 
now known. A two-metal ion mechanism is described for the nucleotidyl transfer reaction and 
may apply to all polymerases. In the ternary complex structures analyzed, pol 13 binds to the 
DNA template-primer in a different manner from that recently proposed for other polymerase­
DNA models. 

DNA replication ( 1) is a highly complex 
biological process, even for a relatively 
simple organism such as Escherichia coli. 
During replication, the double helical 
DNA molecule is unwound, and the two 
resultant single strands of DNA act as 
templates to guide the synthesis, one com­
plementary base at a time, of antiparallel 
primer strands. Although many auxiliary 
proteins such as ligases, helicases, and 
topoisomerases are usually involved, the 
chemical reaction at the core of DNA 
replication, the nucleotidyl transfer reac­
tion, is catalyzed by DNA polymerases and 
may be depicted as follows: 

Template-primern + dNTP ~ 

template-primer-dNMP n+ 1 + PP; 

where dNTP (2 '-deoxyribonucleoside 5 ' -
triphosphate) represents any one of four. de­
oxynucleotides (dATP, dGTP, dCTP, and 
dTTP), and dNMP and PP; represent 2' -
deoxyribonucleoside 5' -monophosphate and 
pyrophosphate, respectively (Fig. 1). 

their cellular dNTP counterparts by the 
absence of an attacking 3' -hydroxyl group 
(3'-0H) (Fig. 2) and therefore, once a 
dideoxynudeotide is successfully incorpo­
rated into a growing primer strand, there 
can be no further incorporation of subse­
quent nucleotides. A well-known example 
of this kind of inhibition involves HIV-1 
reverse transcriptase (RT). which is the 
polymerase responsible for the replication of 
the HIV genome. 3 '-azido-2', 3' -dideoxy­
thymidine (AZT), 2', 3 '-dideoxyinosine 
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(ddI), and 2' ,3' -dideoxycytidine (ddC) are 
all anti-HIV drugs (2, 3) that become potent 
chain termination inhibitors of RT after 
they are converted by cellular kinases (4, 5), 
in vivo, to their corresponding nucleoside 
5'-triphosphates, AZT-TP, ddATP (6), and 
ddCTP, respectively. In that all polymerases 
probably share a common catalytic mecha­
nism, it is not surprising that some toxic 
effects of these drugs have been attributed to 
inhibition of host-cell polymerases, perhaps 
including the pol J3 described here (7-9). 
Therefore, a detailed understanding of the 
nucleotidyl transfer reaction, as well as the 
mechanism of inhibition of viral and host 
cell polymerases by nucleoside analogs, may 
lead to the design of more potent and less 
toxic HIV-1 RT inhibitors for use in the 
treatment of AIDS. 

Despite limited sequence similarity to 
the Kienow fragment (KF) of E. coli DNA 
pol I [the only other polymerase for which a 
crystal structure (10) was known at the 
time], the crystal structure determinations 
of HIV-1 RT (11, 12) revealed a common 
polymerase fold consisting of three distinct 
subdomains (designated fingers, palm, and 
thumb because of the resemblance to a 
hand) forming an obvious DNA binding 
channel. The strongest structural overlap 
between KF and RT comprised a trio of 
carbexylic acid residues located in the palm 
subdomain ( 11, 12). These observations led 
to the hypothesis that perhaps all polymer­
ases share a common nucleotidyl transfer 
mechanism centered around the highly 
conserved carboxylic acid residues (I I). 
Strengthening this argument somewhat was 
the subsequent crystal structure determina­
tion of an RNA polymerase (RNAP) from 
bacteriophage T7, which showed strong 
structural similarities with KF (13). How-
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Inhibition of a polymerase that effects 
genomic replication can be fatal to an 
organism. In a common type of polymerase 
inhibition, 2',3'-dideoxynucleotides (dd­
NTPs) act as chain terminators of the 
primer strand. The ddNTPs differ from 

H. Pelletier, M. R. Sawaya, and J. Kraut are in the 
Department of Chemistry, University of California, San 
Diego, CA 92093-0317, USA A Kumar and S. H. 
Wilson are at the Sealy Center for Molecular Science, 
University of Texas Medical Branch, Galveston, TX 
77555-1051, USA. 

Fig. 1. The nucleotidyl transfer reaction. The 3'-0H group of the terminal dNMP on the primer strand 
attacks the 5'-a phosphate of an incoming dNTP, and a newly formed phosphodiester linkage 
results in elongation of the primer strand by one dNMP. After release of pyrophosphate (PP;). the 
catalytic cycle is complete and the 3'-0H group of the newly incorporated dNMP is now ready to 
attack yet another incoming dNTP. Only the 3' end of a primer is extended so that DNA 
polymerization is said to proceed in a 5' to 3' direction. If the polymerase molecule does not release 
the template-primer before incorporation of a second dNMP, the mode of DNA synthesis is said to 
be "processive", but if the polymerase releases the template-primer after each successive 
incorporation of a dNMP, the mode of DNA synthesis is said to be "distributive". 
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ever, because structural evidence for a com­
mon nudeotidyl transfer mechanism has so 
far been limited to comparisons among 
polymerases from a bacterium (KF), a virus 
(RT), and a phage (RNAP}, perhaps the 
most convincing evidence for this hypoth­
esis is provided by the crystal structure 
determination of a eukaryotic polymerase, 
rat DNA pol f3 (I 4). Sequence alignments 
show that pol f3 is so distantly related, even 
from its eukaryotic relatives, polymerases a, 
-y, 8, and i::, that it stands in a class of 
its own along with only one other polymer­
ase, terminal deoxynucleotidyl transferase 
(TdT) (15). The crystal structure of pol f3 
nevertheless revealed a polymerase fold 
consisting of palm, fingers, and thumb 
(along with an additional 8-kD domain 
attached to the fingers), and the most 
striking structural similarity with its distant 
relatives, KF, RT, and RNAP, is a portion 
of the palm that bears the highly conserved 
carboxylic acid residues (14). This suggests 
that despite the large differences in size (pol 
f3, at 39 kD, is the smallest polymerase 
known), in function [although pol f3 may 
play a role in DNA replication (16, I 7), its 
primary function is in DNA repair (18-
20)], and in fidelity (pol f3 is the most error 
prone eukaryotic polymerase studied to date 
(21, 22)], pol f3 probably shares a common 
nucleotidyl transfer catalytic mechanism 
with all other polymerases. 

Taking advantage of the chain termina­
tion method of polymerase inhibition with 
ddNTPs, we have succeeded in growing 
crystals of rat pol f3 complexed with two 
pseudo substrates, namely, (i) a DNA tem­
plate-primer in which the 3' end of the 
primer has been "terminated" by ddCMP, 
and (ii) ddCTP. In preparation for crystal­
lization experiments, we mixed pol f3 with 
the DNA template-primer shown below 
and a large excess of ddCTP on the assump­
tion that, prior to crystallization, the fol­
lowing reaction would occur: 

3 'GCCGCGGGAAA5' 
5'CGGCGC 3' + ddCTP ~ 

3 'GCCGCGGGAAA5' 
S'CGGCGCCdd 3' + PPi 

where cdd is the newly incorporated 
ddCMP. If pol f3 then were to try to 
incorporate another nucleotide onto the 
primer terminus, a second nucleotidyl 
transfer reaction could not occur because 
the recently incorporated ddCMP lacks a 
3' -OH group. This should result in a pseudo 
Michaelis-Menten ternary complex in 
which both "substrates" are present, name­
ly, a nonreactive template-primer and a 
nucleoside triphosphate. Crystals were ob­
tained, and the subsequent structure deter­
minations revealed that this must have been 
what happened. Electron density maps 
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showed a primer strand that was seven nu­
cleotides long, although we started with a 
primer that was only six nucleotides in 
length, and the 3' (deoxy) terminus of the 
primer was positioned next to strong elec­
tron density resembling a nucleoside triphos­
phate, presumably ddCTP. 

Such a detailed view of the active site in 
the ternary complex allows us to propose a 
two-metal ion mechanism for the nucleoti­
dyl transfer reaction that is similar, in many 
ways, to the two-metal ion mechanism 
previously proposed for another type of 
phosphoryl transfer reaction-the exonu­
clease reaction of the 3 '---0> 5' exonuclease of 
.£. coli DNA pol I (23,. 24). Our proposed 
nucleotidyl transfer mechanism probably 
applies to all polymerases, but when we 
attempt to extend that mechanism to the 
other three polymerases-KF, RT, and 
RNAP-for which the crystal structures are 
known, a problem arises: in our structures, 
pol ~ is bound to the DNA in a manner 
that differs from the recently proposed poly­
merase-DNA models for all three of these 
polymerases. 

Crystallizations and preliminary dif­
fraction studies. Recombinant rat DNA 
pol ~ (25) was expressed in E. coli and 
purified as described (26). After purifica­
tion, the protein was washed three times in 
a microconcentrator (Centricon-10, Ami­
con) with a buffer solution (10 mM ammo­
nium sulf?te, 0.1 M tris, pH 7 .0), then 
concentrated to 20 mg/ml and stored at 
-80°C in sealed Eppendorf tubes (120-µ.l 
portions). Prior to crystallization, a protein-

DNA-ddCTP sample was prepared at room 
temperature; approximately 1.2 mg of the 
11-nucleotide (nt) template and 0.8 mg of 
the 6-nt primer (27) were dissolved in 240 
µ.l of a buffer solution (20 mM MgCl2 , 0.1 
M MES, pH 6.5) and the mixture was left 
in a sealed Eppendorf tube for 1 hour to 
allow annealing of the template-primer 
(28). Two portions of pol f3 (240-µ.l of a 
solution containing 20 mg/ml) were then 
thawed and added, and the protein-tem­
plate-primer sample was allowed to stand 
for an additional hour. A 4-µ.mol sample of 
ddCTP (in 40 µ.l of H 20) (29) was the last 
component to be added, resulting in a 
reaction mixture containing pol ~ at ap­
proximately 10 mg/ml, 10 mM MgCl2, and 
an excess of template:primer:ddCTP in mo­
lar ratios of 3:4:30, respectively, relative to 
the amount of protein. The reaction, nu­
cleotidyl transfer of ddCMP to the primer 
3' terminus, was allowed to proceed for 2 
hours before crystallization trays were set up 
(30). 

Two different crystal forms were ob­
served, depending on the concentration of 
lithium sulfate in the reservoir solution. 
One crystal form, obtained with lithium 
sulfate concentrations from 40 to 75 mM, 
was hexagonal and grew to dimensions of 
0.8 by 0.8 by 0.6 mm in about 2 weeks. 
These crystals belong to space group P61 

(a = b = 94.9, c = 117.6 A), with one 
complex molecule per asymmetric unit. 
Under similar conditions, but at lithium 
sulfate concentrations from 75 to 150 mM, 
platelike crystals grew to dimensions of 

B o Fig. 2. Two normal cellular 
nucleotides, (A) 2'-deoxy­
cytidine 5'-triphosphate 
(dCTP) and (B) 2'-deoxy­
thymidine 5' -triphosphate 
(dTTP), and their anti-HIV 
(drug) counterparts (C) 
2' ,3'-dideoxycytidine 5' -
triphosphate (ddCTP) and 
(D) 3'-azido-2',3'-dideoxy­
thymidine 5'-triphosphate 
(AZT-TP). The triphosphate 
moiety, which is linked via 
a phosphoester bond to 
the 5' carbon of thwibose, 
is designated TP·. dCTP 

ddCTP 

"~'{"/" 
TP~Ao 

OH 

dTTP 
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1.0 by 0.6 by 0.2 mm in a few days. These 
crystals belong to space group P21 (a 
= 106.3, b = 56.8, c = 86. 7 A, and f3 = 
106.4°) and there are two complex mole­
cules per asymmetric unit. Often both crys­
tal forms grew in the same drop, and the 
crystals on which data were collected (Ta­
ble 1) were grown at the same concentra­
tion of lithium sulfate, 75 mM. The unusu­
ally large excess of ddCTP (1:30 molar 
ratio) was required in order to obtain the 
P6 1 crystals, but the P2 1 crystals could be 
grown under much lower ddCTP excesses 
(1: 10 molar ratio). Extreme purity of all 
components in the crystallization medium, 
particularly the DNA samples (27), seemed 
to be an absolute requirement for growing 
both types of ternary complex crystals. 

Attempts were made to obtain ternary 
complex crystals of rat pol f3, a DNA tem­
plate-primer, and AZT-TP (Fig. 2D) (31) 
under similar conditions, even though incor­
poration of AZT-MP would result in a mis­
matched base pair (of a G-T type) at the 
primer terminus (22). Orthorhombic crystals 
grew in space group P2 1212 (a= 188.4, b = 
67. 7, c = 39 .1 A) with one pol f3 molecule 
in the asymmetric unit. A 4.0 A data set was 
collected and preliminary structural studies 
(32) showed that, because of crystal pack­
ing, it was not possible for the template­
primer to occupy the pol f3 binding channel. 
Failure of pol f3 to form a tight complex with 
the DNA template-primer under these con­
ditions might be attributed to steric hin­
drance by the azido group of a newly incor­
porated AZT-MP on the primer terminus. 

Efforts to obtain a binary complex of pol 
f3 and a DNA template-primer alone (nei­
ther ddCTP nor AZT-TP) resulted in crys­
tals that grew under much different condi-

tions, but were nonetheless isomorphous 
with the P2 1212 (AZT-TP) crystals men­
tioned above. Failure of pol f3 to bind to the 
DNA in this case could be due to the higher 
salt concentration of the crystallization me­
dium (about 250 mM salt compared to 75 
mM). Because one crystallization medium 
contained AZT-TP and the other did not, 
we calculated Fo(AZT-TP) - Fo(apo)• ac, dif­
ference Fourier maps to see whether an 
AZT-TP binding site could be located. 
Strong electron density was observed in an 
area of the map adjacent to Arg149, which is 
near the catalytically important residues, 
Asp190, Asp192 , and Asp256• This pol 
f3:..AZT-TP binary cpmplex which, as dis­
cussed below, is probably not catalytically 
relevant, is similar to a KF-dNTP binary 
complex in which the dNTP bound to Arg 
residues near the catalytically important 
carboxylic acid residues ot KF (33). 

Hu.man pol f3, which has been cloned 
and expressed (34, 35) in a manner similar 
to that of rat pol f3, shares more than 95 
percent sequence similarity with rat pol f3, 
so it was somewhat surprising when at­
tempts to obtain ternary complex crystals 
of human pol f3, a DNA template-primer, 
and ddCTP under the same conditions de­
scribed above for the rat enzyme resulted 
in crystals that grew in two previously 
unobserved orthorhombic crystal forms. 
One form has unit cell parameters a = 
158, b = 108, c = 60 A, with probably 
two complex molecules in the asymmetric 
unit, but the crystals diffract only to about 5 
A resolution. In contrast, the second crystal 
form diffracts quite well (to about 3.3 A), 
but its unit cell parameters of a = 465, b = 
168, c = 56 A are so large that special data 
collection techniques would be required. 

Table 1. Data collection and refinement statistics. X-ray diffraction data were collected on a 
mu!tiwire area detector (98) (San Diego Multiwire Systems) with monochromatized CuKa radiation 
(Rigaku rotating anode ·x-ray generator), and intensity observations for each data set were 
processed wlth a local UCSD Data Collection Facility software package (99). Reflections from 20 A 
to the maximum resolution were included in all least squares refinement steps. The final structures 
for both complexes include all residues, with the exception of residues 1 to 8 of the disordered 
NH2-terminus and residues 246 to 248 of a disordered surface loop. There are a few missing side 
chain atoms in both coordinate sets that are mainly in lysine and arginine residues of the 8-kD 
domain. Omit maps were used to confirm the modeling of the DNA template-primer, the ddCTP 
nucleotide, and the cis-peptide bond between Gly274 and Ser275. 

Data collection Refinement 

Reflections 
rms 

Space dmin Complete-
deviation§ 

Final 
Rsymt Atoms:j: group (A) (i * ness (%) 

Bond Angle Rll 
Total Unique <Al (°) 

P61 2.9 1.8 53,583 13,281 99 0.087 2914 0.020 2.9 0.193 
P21 3.6 1.8 25,046 10,650 96 0.059 5753 0.018 2.9 0.199 

*Average ratio of observed intensity to background in the highest resolution shell of reflections. tRsym = il/0 bs 
- /av Jf'i./0 vg· :j:The number of nonhydrogen atoms includes 31 and 4 water oxygens for the P6, and the P21 
strucfures, respectively. §Therms bond and rms angle values are the deviations from ideal values of the bond 
lengths and bond angles in the final model. llFinal R = ii Fobs - F0010 lf'i.F0 bs• including all data between 20 A 
and the maximum resolution. 

SCIENCE • VOL. 264 • 24 JUNE 1994 

Structure determination and refine­
ment. Data collection and refinement sta­
tistics for the structure determinations of 
the two ternary complexes of rat pol f3, a 
DNA template-primer, and ddCTP are list­
ed in Table 1. Structure solutions utilized 
the refined atomic coordinates of the high 
resolution (2.3 A) structure of the 31-kD 
domain of rat pol f3 (14). The molecular 
replacement programs of XPLOR (36) gave 
clear rotation solutions for the 31-kD do­
main of both ternary complexes, but only 
after results from classical cross-rotation 
searches had been filtered through the Pat­
terson-correlation (PC) refinement steps 
(37). PC refinement techniques were par­
ticularly powerful for our structure determi­
nations because independent rigid body 
movements of the fingers, palm, and thumb 
subdomains of the 31-kD domain could be 
allowed during PC refinement of the rota­
tion searches. Results from subsequent 
translation searches gave solutions for the 
P61 complex structure that were, in gener­
al, at higher peak height to background 
ratios than translation solutions for the P2 1 
complex structure, but the highest transla­
tion peaks in both cases nevertheless were 
the correct solutions (38). 

The 31-kD partial structure solutions 
obtained by molecular replacement tech­
niques were subjected to rigid body refine­
ment by XPLOR (36), where the entire 
31-kD domain was first allowed to move as 
a rigid body, then later, the fingers, palm, 
and thumb subdomains were allowed to 
move as independent rigid bodies simulta­
neously. Typical R factors at this stage were 
about 50 percent. After subsequent posi­
tional refinement with the least squares 
program package TNT (39) had lowered 
the R factors of the partial solutions to 
about 45 percent, we calculated F0 - Fe, 
ac, difference Fourier maps that revealed 
clear electron density for many of the back­
bone phosphates of a double-stranded DNA 
molecule as well as the three phosphates of 
a ddCTP nucleotide, and even portions of 
the 8-kD domain were evident at this early 
stage. Cycles of model building and least 
squares refinement improved the electron 
density for the rest of the DNA as well as 
the 8-kD domain for both complex struc­
tures, and once the R factors had dropped 
below 30 percent, refinement of individual 
isotropic temperature factors also improved 
the maps and facilitated refinement. 

Although we were unable to discern the 
DNA base sequences at these resolutions, 
the directionality (5' ~ 3') of the DNA 
strands was evident early in our modeling 
efforts, hence we knew that the 3' terminus 
of either the template strand or the primer 
strand was positioned at the pol f3 active 
site. What ultimately distinguished the 
template from the primer was that we were 
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able to model in seven nucleotides for one 
of the DNA strands and at least 8 nt for the 
second DNA strand. Provided that no un­
expected side reactions had occurred during 
crystallization, we knew that the primer 
could be no longer than 7 nt, and therefore 
the DNA strand containing 8 nt was desig­
nated the template. We then concluded 
that the first three bases of the template 
(AAA) are disordered in both crystal struc­
tures. This interpretation of the data is in 
agreement with the idea that the 3' termi­
nus of the primer should be positioned at 
the polymerase active site. Analysis of the 
DNA in our refined structures with the 
program CURVES II (40) indicated that 
the DNA is predominantly B form. Our 
DNA may have some A-DNA characteris­
tics, however, in that the minor groove 
width appears to increase as the DNA 
approaches the pol f3 active site; the section 
of the double-stranded DNA that is re­
moved from the active site and protrudes 
into solution is characteristic of B-DNA 
with a minor groove width of 11 A, whereas 
nearer to the active site, the minor groove 
width is almost 15 A (typical A-DNA has a 
minor groove width of about 17 A). 

Description of the structures. When 
the pol 13 ternary complex structures are 
compared with the structure of the apo 
enzyme (Fig. 3), the most apparent differ­
ences consist of large movements of the 
8-kD NHrterminal domafo relative to the 
fingers, palm, and thumb of 31-kD COOH­
terminal domain. The 8-kD domain is teth­
ered to a proteolytically sensitive hinge 
region (residues 80-90) and changes from 
an open conformation in the apo structure 
to more closed conformations in the com­
plex structures. Because of the precarious 
position of the 8-kD domain in the pol 13 
apo structure, this type of conformational 
change seemed inevitable even before the 
structures of the ternary complexes were 
determined. The only other significant con­
formational changes on complex formation 
were noticeable rigid-body movements of 
the thumb and, to a lesser degree, the 
fingers, resulting in a somewhat more tight­
ly closed hand in the ternary com- plexes. 
A greater degree of flexibility on the part of 
the thumb subdomain has also been ob­
served in other polymerase-DNA structures 
(12, 23, 24, 41). A least squares superpo­
sition of the 31-kD domain of the apo 
structure ( 14) on the 31-kD domain of one 
of the ternary complex structures (£'6 1) 

resulted in a root-mean-square (rms) devi­
ation in cc carbon positions of 2.5 A, 
whereas when the fingers, palm, and thumb 
subdomains were treated separately, the rms 
deviations in a carbon positions were only 
0.71, 0.69, and 0.82 A, respectively. 

The 8-kD domain has a net charge of 
+ 10 (assuming neutral histidines) and 
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binds to single stranded DNA with an 
association constant of 2 x 105 M- 1 (26). 
It has no obvious structural equivalent in 
any of the other polymerases for which 

A 

crystal structures have been determined, 
and crosslinking studies with gapped DNA 
substrates (42) suggest that the 8-kD do­
main is probably responsible for the highly 

Fig. 3. Stereoview ribbon diagrams ( 100) of (A) rat DNA pol (3, apo structure ( 14) and (B and C) 
ternary complexes of rat DNA pol (3 with a DNA template-primer and ddCTP in space groups P61 

and P2,, respectively. In (A) the 8-kD domain is designated 8-kD, and the fingers, palm, and thumb 
subdomains of the 31-kD domain are represented by F, P, and T, respectively. A ball-and-stick 
representation highlights the ddCTP nucleotide in (Band C). In (8) the positions of the two Mg2 + 

ions are marked with black spheres. These metals ions are not shown in (C) because we were 
unable to see the Mg2 + ions in electron density maps of the lower resolution P2, ternary complex 
structure. 
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processive short-gap filling activities found 
exclusively in pol f3 (43). It has been 
proposed that the 31-kD domain binds to 

the double-stranded segment of the tem­
plate-primer, and the 8-kD domain binds to 
the single-stranded template overhang 
(44)-or in the case of binding to a short 
gap in the DNA, to the 5 '-phosphate of the 
downstream oligonucleotide ( 42). We see 
some evidence of this in that the 31-kD 
domain clearly uses its palm, fingers, and 
thumb to grasp the double-stranded seg­
ment of the template-primer while the 
8-kD domain, although positioned quite 
differently in the two complex structures, is 
nevertheless close to where an extended 
template would be. Unfortunately, our tern-

plate overhang was probably a little too short 
(only four bases-GAAA) to interact 
strongly with the 8-kD domain, causing the 
first three bases of the template to be disor­
dered in both crystal structures. It is possible 
that, because the highly flexible 8-kD do­
main had no template on which to anchor in 
our crystallization experiments, its position 
was determined almost entirely by crystal 
packing forces, and probably neither of the 
two conformations of the 8-kD domain seen 
in Fig. 3, B and C, is correct for template 
binding in vivo. Nevertheless, kinetic stud­
ies of the 31-kD fragment alone showed that 
pol f3 can still function as a polymerase 
without the 8-kD domain, albeit at only 
about 5 percent of its normal activity (44). 

Table 2. Hydrogen bond interactions of 3.3 A or less between pol J3 and the DNA template-primer. 

Residue Subdomain Atom Base* Atom Distance 
(A) 

Protein to ONA phosphate H bonds 

Gly10s Fingers N P-6C 02P 2.9 
Gly107 Fingers N P-5G 02P 2.7 
Ser109 Fingers N P-5G 01P 2.9 
Ala110 Fingers N P-5G 02P 3.1 
Arg2s4 Fingers NH2 P-7C 02P 2.7 

Lys230 Palm N T-9C 02P 3.0 
Thr233 Palm N T-8G 02P 3.1 
Lys234 Palm N T-8G 02P 2.7 

Thr292 Thumb OG1 T-5G 02P 2.7 
Tyr296 Thumb OH T-5C 02P 2.6 

Protein to DNA base H bonds 

Lys234 Palm NZ T-7C 02 2.9 
Tyr271 Thumb OH P-7C 02 2.7 
Arg2a3 Thumb NH1 T-4G N3 3.2 

*DNA bases are designated T or P to distinguish template bases from primer bases, respectively. Starting from 
the 5' terminus of each strand. bases are numbered 1 to 11 for the template and are numbered 1 to 7 for the 
primer. C and G represent cytosine and guanine, respectively, and atom designations follow Protein Data Bank 
nomenclature. 

Fig. 4. Omit map of the DNA template-primer and ddCTP overlayed on an a carbon diagram of the 
refined P61 pol J3 structure. The view is that of Fig. 3 rotated by 90° about a horizontal axis in the 
plane of the page so that the DNA binding channel is now vertical. The template-primer sits on top 
of the palm subdomain, which is not labeled. Before all omit maps were calculated, the part of the 
structure in question was deleted from the coordinate file and the remaining partial structure was 
subjected to 200 cycles of least squares positional refinement in XPLOR (36) in order to remove 
bias from the phases. 
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In contrast to the 8-kD domain, the rest 
of the structure (the fingers, palm, and 
thumb of 31-kD domain, as well as the 
template-primer and ddCTP substrate) is 
virtually identical in both crystal forms of 
the ternary complex. This provides support 
for the physiological relevance of our com­
plex crystals, at least with respect to the 
polymerase-DNA-ddCTP interactions. Also 
strengthening the argument is that, unlike 
other reported crystals of polymerase-DNA 
complexes (12, 41), our crystals were grown 
at low, near physiological salt concentra­
tions. Finally, the fact that that a ddCMP 
was incorporated into our template-primer 
shows that the nucleotidyl transfer reaction 
did proceed, at least for one turnover, in the 
same medium from which crystals were 
eventually obtained. In that the following 
discussions do not apply to the 8-kD do­
main of pol J3 and will be limited mostly to 
the 31-kD domain's interactions with 
DNA and ddCTP, we will henceforth 
refer only to the complex structure that 
has been refined to the highest resolution, 
the P6 1 crystal structure. 

The DNA binding channel in pol f3, just 
as in KF, RT, and RNAP, is lined with 
positively charged lysine and arginine side 
chains, and it has always been a reasonable 
assumption that their function is to stabilize 
the negatively charged backbone phos­
phates of the DNA (45). Therefore it was 
quite surprising that, except for Arg254

, 

which is hydrogen bonded to the phosphate 
of the newly incorporated ddCMP of the 
primer strand, there are no direct lysine or 
arginine interactions with the backbone 
phosphates of the DNA in our complex 
(Table 2). Instead, nearly all of the inter­
actions of protein with DNA involve two 
different clusters of protein backbone nitro­
gens located at the entrance to the DNA 
binding channel {Table 2). One cluster, 
consisting of four of the backbone nitrogens 
between Gly 105 and Ala110

, is located at the 
NH2-terminal end of helix G in the fingers 
subdomain of pol f3 and interacts with the 
phosphates of the primer strand. The sec­
ond cluster, comprising three of the five 
backbone nitrogens between Lys230 and 
Lys234, is located in a beta turn, which 
connects beta strands 3 and 4 of the palm 
subdomain and interacts with backbone 
phosphates of the template strand. The 
only other hydrogen bonded interactions 
(3.3 A or less) between pol f3 and DNA 
phosphates are between the side chains of 
Thr292 and T yr296

, located on a loop be­
tween beta strands 6 and 7 of the thumb 
subdomain, and the backbone phosphates 
of the template strand (Table 2)_ 

In addition to our observations that 
there seemed to be fewer hydrogen bond 
interactions between pol f3 and DNA than 
expected (Table 2), we were also initially 
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surprised to see that the DNA sits in the 
binding channel at a slight angle and ap­
pears to "run into" alpha helices M and N 
of the thumb subdomain (Fig. 4). It is 
possible that the angle between the DNA 
axis and the apparent axis of the pol 13 
binding channel would change considerably 
if a longer template were used and, as 
proposed above, the 8-kD domain partici­
pated in the positioning of the template­
primer. However, the aesthetically pleasing 
observation that the base pairs of the DNA 
are parallel to the beta strands of the palm 
subdomain (Fig. 5) encourages us to believe 
that interactions of pol 13 with the double­
stranded segment of any DNA template­
primer will not vary much from what is seen 
in the present ternary complex structures. 

Perhaps one of the most unvarying char­
acteristics ofB-DNA is that it has a spine of 
well-ordered water molecules which inter­
acts with the OZ of pyrimidines and the 
N3 's of purines in the minor groove, and it 
has been proposed that the disruption of 
this particular water structure is the first 
step in the B-DNA to A-DNA transition 
(46, 47). In our complex structure, only 
three protein side chains come within 3 .3 
A of the DNA bases, and they are all 
located in the shallow minor groove of the 
template-primer (Table 2). Two of these 
{Lys234 and Tyr271) are hydrogen bonded to 
the OZ of a template cytidine and the 02 of 
a primer cytidine, respectively, while an­
other (Arg283) is hydrogen bonded to the 
N3 of a template guanine. This leads us to 
propose that perhaps Lys234 , Tyr271 , and 
Arg283 all function to break up the water 
structure in the minor groove of the tem­
plate-primer upon complex formation, re­
sulting in a larger minor groove width, 
characteristic of A-DNA, at the pol 13 
active site. 

Unlike transcription factors and other 
gene regulatory DNA-binding proteins, 
polymerases must bind to DNA with little 
regard for sequence specificity. This is evi­
dent from Table Z where, as discussed 
above, most of the protein to DNA inter­
actions are nonsequence-specific hydrogen 
bonds between pol 13 backbone nitrogens 
and DNA phosphate oxygens. Even what 
appear to be sequence-specific interactions 
between protein side chains and DNA 
bases, upon closer inspection turn out to 
be rather nonspecific in that each of the 
three protein side chains mentioned 
above-Lys234, Tyr271 , and Arg283-that 
are in contact with DNA bases can act as 
an unbiased hydrogen bond donor to ei­
ther the OZ of pyrimidines or the NJ of 
purines in the minor groove. 

Description of the active site. Much of 
the ddCTP binding pocket in the ternary 
complex is made up of the 3' terminus of 
the primer strand (Fig. 6A, toward the left) 
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and the template overhang (at the top), 
where the base pairing of ddCTP with a 
complementary base, guanine, is evident in 
the crystal structure (Fig. 6A and Table J). 
The idea that the template-primer makes 
up a large part of the binding site in pol 13 
for the incoming ddCTP is consistent with 
kinetic studies showing that there is a strict 
kinetic order of binding for the substrates in 
nucleotidyl transfer reactions catalyzed by 
pol 13 (48), E.coli pol I (49), and RT {50), 
the polymerase binds to the template-prim­
er first, and then nucleotide binding takes 
place. Supporting this view, structural stud­
ies of a pol 13-dATP binary complex (14) 
and of a KF-dATP binary complex (33), 
both of which were crystallized in the ab­
sence of a template-primer, revealed nucle­
otide binding sites that differed somewhat 
from that seen in our ternary complex. 

Making up most of the right side of the 
nucleotide binding pocket and interacting 
primarily with the base and ribose moieties 
of the ddCTP is a structural motif consist­
ing of a sharp kink, made possible by a 
cis-peptide bond, between a helices M and 
N in the thumb subdomain of pol 13 (Fig. 
6A). This was the only cis-peptide found in 
the pol 13 apo structure (between Gly274 and 
Ser275) (14) and even though it appears to 
have remained as a cis-peptide upon com­
plex formation with DNA, its proximity to 
the active site nevertheless suggests that it 
may play a dynamic role in catalysis. For 
instance, it is evident that a cis- to trans­
peptide bond transition, perhaps occurring 
during or just after the incorporation of a 
nucleotide, could result in a large displace­
ment of one or both helices (M and N), 
which in turn could push the enzyme off the 
template-primer. Thus, we propose that the 
cis-peptide in pol 13 may function to facili­
tate the product-off step of catalysis, which 
is typically the steady-state rate-limiting 
step for polymerases when in a distributive 
mode of synthesis (21, 51, 52). Another 
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possibility is that the cis-peptide bond, 
which links the active site to the template 
overhang via helix N (Fig. 6A), functions 
only to facilitate the translation of the 
enzyme along the template during proces­
sive polymerization. 

It is quite appropriate that the protein 
side chain that interacts specifically with 
the base of ddCTP, Asn279 of helix N 
(Table J) , is unbiased toward all four pos­
sible incoming nucleotides in that it can act 
either as a hydrogen bond acceptor or a 
hydrogen bond donor. The only other in­
teractions (of 4 A or less) between pol 13 
and the base moiety of ddCTP are nonspe­
cific van der Waals contacts between the 
side chain carbon (CB) of Asp276 and ring 
carbon atoms (C4 and C5) of the cytidine 
base (Table J) . 

Pol P interacts intimately with the sugar 
moiety of ddCTP as is evident from the 
close van der Waals contacts between the 
protein backbone atoms of Tyr271 , Phe272 , 

and Gly274 (53), and the ribose ring car­
bons, CZ' and CJ', of ddCTP (Fig. 6A and 
Table J). Because the only difference be­
tween a ribonucleotide and a deoxyribonu­
cleotide is a hydroxyl at the CZ' of the 
ribose ring, the protein backbone segment 
Tyr271-Gly274 may participate in nucleotide 
selectivity of DNA over RNA for pol 13. For 
example, a DNA polymerase can be con­
verted to a relatively efficient RNA poly­
merase by changing the metal ion in the 
reaction medium from Mgz+ to Mn2+ (54). 
The two metal ions in the pol 13 active site 
together bind to all three phosphates (a, 13, 
and"{) of ddCTP (Table J), and therefore 
the metal ions probably participate to some 
extent in the positioning of the incoming 
nucleotide. As seen in our structure, only a 
slight change in ddCTP orientation, which 
could be induced by a change from Mg2+ to 
Mnz+ ions in the active site, would be 
required to reduce steric hindrance at the 
CZ' ribose of ddCTP, possibly making 

Fig. 5. Alignment of the template­
primer base pairs with the beta 
strands of the palm subdomain. 
The view is the same as that in 
Fig. 4. Beta strands are labeled 
f3-2 through f3-5. The a carbon 
positions of the catalytically im­
portant residues, Asp190, Asp1

9
2

, 

and Asp256, are shown, as well as 
the nucleotide substrate, ddCTP. 
The two Mg2 + ions in metal sites 
A and B are labeled A and B, 
respectively. Base designations 
defined in Table 2. 
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RNA just as good a substrate as DNA. 
Another example of nucleotide selectiv­

ity, this time dTTP over AZT-TP, might 
also be explained by steric hindrance in the 
pol f3 active site, particularly at the ribose 
CJ'. The cellular nucleotide dTTP, which 
has a hydroxyl group attached to its ribose 
CJ' (Fig. 2B), binds more tightly to a pol 
(3-DNA complex than does its analog AZT­
TP, which has a bulky azido group at CJ' 
(Fig. 2D) (55). Such observations might 
explain why a drug like AZT specifically 
targets the HIV-1 RT and not host cell 
polymerases like pol f3; in contrast to pol f3, 
RT shows no selectivity in binding dTTP 
compared to AZT-TP during reverse tran­
scription (56), and thus, perhaps RT lacks 
the structural equivalent of the pol f3 "se­
lective" Tyr271 to Gly274 backbone seg­
ment, making RT more susceptible to 
AZT-TP inhibition. 

Three of the six hydrogen bonds be­
tween the protein and the negatively 
charged phosphate moiety of ddCTP in­
volve nitrogen backbone atoms of pol f3 
(Table J). Although this is reminiscent of 

the nitrogen clusters mentioned above that 
help to stabilize the template and primer 
phosphates in the DNA binding channel, 
the geometry of the nitrogen backbones 
differ in that they more closely resemble the 
mononucleotide binding motifs found in 
other enzymes. This and other aspects of 
the interactions between protein and 
ddCTP phosphates in the pol f3 active site 
are discussed in (14). 

The strongest interactions with ddCTP 
in the pol f3 active site, however, are not 
with protein side chains directly, but rather 
with two Mg2+ ions that in turn coordinate 
the side chain oxygens of Asp190, Asp192

, 

and Asp256 (Fig, 6 and Table 3). These 
three carboxylic acids are present in all 
DNA polymerases for which amino acid 
sequences are known (15), and mutagenesis 
studies show that they are critical for catal­
ysis in pol f3 (57), KF (58, 59), and RT 
(60). However, we avoid referring to these 
three aspartic acids as a "catalytic triad" 
because only two of the three (Asp190 and 
Asp256) are present in all known RNA 
polymerase amino acid sequences ( 15). As 

Table 3. lnteratomic distances of interest for the pol 13 active site. 

ddCTP moiety 

Base 

Ribose 

a Phosphate 
13 Phosphate 

'Y Phosphate 

Mg2+ site A 

Mg2 + site B 

Atom Base• or residue 

Contacts between ddCTP and DNA or protein 

N4 T-4 G 
N3 T-4 G 
02 T-4 G 
C4 Asp276 
C5 Asp276 
02 Asn279 

C2' Tyr271 
C3' Phe272 
C2' Gly274 

PA P-7 C 
018 Ser1ao 
01B Arg1as 
03B Ser1ao 
01G Gly1a9 
01G Asp190 
02G Arg14e 

Ligand 

Asp190 
Asp192 
ddCTP, 13 phosphate 
ddCTP, 'Y phosphate 
Water 
Asp1eo 
Asp192 
Asp2sa 
ddCTP, a phosphate 
P-7 C 
Water 

Atom Distance 
<A> 

06 3.0 
N1 2.7 
N2 2.7 
CB 3.5 
CB 3.7 
ND2 3.0 

0 3.5 
0 3.2 
CA 3.2 

03' 4.3t 
N 3.0 
NH2 2.7 
OG 2.8 
N 2.8 
N 3.0 
NH2 2.5 

Atom Distance 
(A) 

001 2.0 
002 2.7 
002 1.7 
01G 2.3 
0 2.6 

002 2.0 
001 2.6 
001 3.0 
01A 2.7 
03' 2.9t 
0 -:t: 

*Base designations are in Table 2. tThese distances were obtained with a 03' atom that had to be modeled 
into the active site because the newly incorporated ddCMP primer terminus lacks this group. :j:This water is not 
seen in our crystal structures, but because the Mg2 + ion in site B has octahedral geometry, we propose that a 
water might occupy this empty sixth-ligand position. 
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discussed above, converting a DNA poly­
merase to a relatively efficient RNA poly­
merase can be as simple as changing the 
metal ions in the active site from Mg2+ to 
Mn2+ (54), and consequently there is not 
much reason to suppose that the RNA 
polymerases utilize a nucleotidyl transfer 
mechanism that differs drastically from the 
mechanism proposed below for a DNA 
polymerase such as pol f3. In support of this 
view, mutagenesis experiments that target­
ed catalytically important residues in KF 
(59) showed that Asp882 and Asp705 (the 
equivalents of Asp 190 and Asp256 in pol (3) 
are much more critical to catalysis than 
the third carboxylic acid of the trio, 
Glu883 (equivalent to Asp192 in pol 13), 
which is not conserved in the RNA poly­
merases. In agreement with these observa­
tions and as discussed below, the primary 
function of Asp256 in the pol f3 active site 
appears to aid in stabilizing the pentaco­
ordinated u phosphate of the transition 
state, whereas the primary functions of 
Asp190 and Asp 192 are to aid in positioning 
the nucleotide substrate. This suggests 
that pol f3 could quite possibly still func­
tion in the absence of one of the two latter 
carboxylic acids, such as Asp192

, which 
would be the case for an RNA polymerase. 
Perhaps also significant is the observation 
that the metal-to-oxygen bonds are longer 
for Asp192 than they are for Asp 190 in the 
pol f3 active site (Table 3). 

Mechanism of nucleotidyl transfer. In 
1979, with results from kinetic experiments 
on E. coli pol I that utilized phosphorothio­
ate dA TP analogs, Burgers and Eckstein 
proposed that the pol I catalyzed nucleoti­
dyl transfer reaction had the following 
properties (61): (i) A divalent metal ion 
(Mg2+) is bound specifically to the f3 and 'Y 
phosphates of the nucleotide (dATP) as a 
f3,-y-bidentate; (ii) the negative charge on 
the a-phosphate of the nucleotide is neu­
tralized by a positive group on the enzyme; 
and (iii) attack by the J '-OH group of the 
primer on the a phosphate and subsequent 
release of the PP; (or Mg-PP) proceeds in 
an in-line fashion. 

All three of these properties are in good 
agreement with the geometry seen in the 
active site of our ternary complex, and in 
fact, our active site (Fig. 6) does not differ 
significantly from that proposed by Burgers 
and Eckstein [figure 4 of (61)]. In agree­
ment with criterion number (i), the pol f3 
active site shows a Mg2 + ion (metal site A) 
bound as a bidentate to the f3 and 'Y 
phosphates of ddCTP (Table J). As for 
criterion number (ii), we now know that 
the originally undefined "positive group on 
the enzyme" that stabilizes the a phosphate 
of the nucleotide is simply the second Mgz+ 
ion in metal site B (Fig. 6). In fact, the 
geometry of the Mgz+ ion in site B of our 
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structure can explain why polymerases are 
highly selective for only the S, as opposed 
to the R, absolute configuration of dA TPaS 
phosphorothioate analogs whenever Mg2+ 
is the metal ion in the reaction mixture 
(61). Mg2+ coordinates oxygen much more 
strongly than sulfur, and in our active site 
the Mg2+ ion in metal site B coordinates a 
specific, nonesterified oxygen of the 
«-phosphate of the nucleotide. If this par­
ticular oxygen were replaced by a sulfur, as 
would be the case for the R configuration of 
dATPaS, coordination by the Mg2 + ion in 
site B should be weakened considerably, at 
least according to the geometry our struc­
ture. Finally, the geometry of the active site 
is also in accord with an in-line mecha­
nism, criterion number (iii), for the nude­
otidyl transfer reaction. An in-line mecha­
nism, proposed because the polymerase re­
action proceeds with inversion of configura­
tion at the a phosphate (61), restricts the 
possible orientation of the attacking group 
with respect to the leaving group. The 
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attacking apd leaving groups must be oppo­
site one another, relative to the a phos­
phate, in order to occupy the two apical 
positions of the pentacoordinated a phos­
phate in the transition state. In the pol 13 
active site, the 3' carbon of the primer 
strand (which normally possesses the at­
tacking 3' -OH) lies just opposite, relative 
to the a phosphate, to the scissile oxygen of 
the PPi leaving group. 

It is not too surprising that the active 
site of pol 13 is similar to the active site of 
the 3' ~ 5' exonuclease domain of E. coli 
pol I, which is known, through extensive 
structural (23, 24) and mutagenesis (62, 
63) studies, to employ a two-metal ion 
mechanism for phosphoryl transfer, and 
like pol 13, proceeds with inversion of con­
figuration at the scissile phosphate (64). 
Like the 3' ~ 5' exonuclease, pol 13 has 
three carboxylic acids that position two 
divalent metal ions about 4 A apart in the 
active site and, although the orientations of 
the carboxylic acids are quite different in 

Fig. 6. The pol ~ active site. (A) 
Stereo diagram of the active site 
showing the ddCTP binding 
pocket. Large spheres labeled A 
and B indicate the positions of the 
Mg2 + ions in metal sites A and 8, 
respectively. The cis-peptide 
bond is between Gly274 and 
Ser275, and a carbons labeled 
264 and 288 represent Gln264 and 
Glu288, respectively. (B) The tran­
sition state showing the pentaco­
ordinated a phosphate of ddCTP. 
The 3' -OH of the primer strand, 
which is missing from the crystal 
structure in (A), was modeled in 
for clarity. For comparison pur­
poses, this view of our active site 
was chosen because it most 
closely resembles that shown for 
the 3' ~ 5' exonuclease of KF 
(23, 24). 
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the two structures, the geometries of the 
metal sites are strikingly similar. The metal 
ion in site A in both cases tightly coordi­
nates four oxygen ligands with highly dis­
torted tetragonal geometry and has a fifth, 
weakly bound water ligand (Table 3). In 
fact, a better description of the unusual 
geometry around metal site A in our struc­
ture would be that of a square pyramid in 
which the Mgz+ is at the apex, rising about 
1.8 A out of the square plane described by 
four oxygen ligands (one from Asp190, one 
from Asp192, one from the ~ phosphate, 
and one from the 'Y phosphate) (Fig. 6) 
(Table 3) . In contrast, the metal ion in site 
B (for both pol 13 and the 3' ~ 5' exonu­
clease) is not as tightly bound as the metal 
ion in site A and has slightly distorted 
octahedral geometry (65). Just as with the 
3' ~ 5' exonuclease, we propose that the 
primary function of the metal ion in site A 
is to aid in binding and positioning of the 
substrate, and the primary function of the 
metal ion in site B is to help stabilize the 
pentacoordinated phosphate of the transi­
tion state, though both metal sites probably 
participate in both of these functions to 
some degree. Finally, as is the case with the 
3' ~ 5' exonuclease, we propose that a 
metal ion activates the attacking oxygen by 
acting as a Lewis acid, while a protein side 
chain acts as a proton acceptor (Fig. 6B). 
For the 3' ~ 5' exonuclease, the metal ion 
in site A activates an attacking water mol­
ecule, while Glu357 acts as the proton ac­
ceptor and, in the case of pol 13, the metal 
ion in site B activates the attacking 3' -0H 
of the primer, while Asp256 acts as the 
proton acceptor. All of these features of the 
transition state of the nucleotidyl transfer 
reaction of pol 13 are evident from the 
crystal structure, and only the missing 3 ' -
OH of the primer strand was added in order 
to draw the schematic in Fig. 68. 

Despite all the similarities, we caution 
against thinking of the 3' ~ 5' exonuclease 
reaction as "the polymerase reaction in 
reverse." In fact, the polymerase reaction in 
reverse is pyrophosphorolysis and differs 
from the exonuclease reaction as follows: 

3' ~ 5' Exonuclease reaction: 
primer-dNMP + H20~primer + dNMP 

Pyrophosphorolysis: 
primer-dNMP + PPi~primer + dNTP 

so that the metal ion in site A for the 3' ~ 
5' exonuclease interacts primarily with a 
water molecule (24), whereas the metal ion 
in site A for the polymerase interacts pri­
marily with PP1 (or the PPi moiety of 
ddCTP) ( 65). 

In summary, the overall nucleotidyl 
transfer reaction, as catalyzed by pol 13, 
probably proceeds as follows (Fig. 6): 

i) As pol 13 binds to the template-prim­
er, Lys234, Tyr271 , and Arg283 break up the 
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water structure of the minor groove, caus­
ing the minor groove width to increase near 
the active site. 

ii) An incoming nucleotide is posi­
tioned in the active site by base-pairing 
with the template, by a hydrogen bond to 
Asn279 , by a van der Waals contacts with 
Asp276, by steric hindrance with the pro­
tein backbone between Tyr271 and Gly274 , 

by six hydrogen bonds between protein and 
ddCTP phosphates, and by two Mgz+ ions 
that are, in turn, positioned by Asp 190, 

Asp 192
, and Asp256• 

iii) The Mg2 + ion in metal site B, 
acting as a Lewis acid, activates the 3' -OH 
of the primer terminus, while one of its 
ligands, Asp256 , probably acts as the proton 
acceptor for the 3' -OH. 

iv) After attack on the a-phosphate by 
the activated 3 '-OH, the reaction proceeds 
through the transition state in which the o: 
phosphate is pentacoordinated, with the 
attacking 3' oxygen of the primer terminus 
and the leaving oxygen of the PPi group 
occupying the two apical positions. The 
pentacoordinated transition state is stabi­
lized by the Mg2 + ion in site B, which 
coordinates both an apical and an equato­
rial oxygen of the o: phosphate. 

v) After PPi (or Mg-PP) is released, pol 
f:l is ready for another cycle, but only after 
the enzyme either releases from the tem­
plate-primer (distributive mode of synthe­
sis) or pulls itself along the template (pro­
cessive mode of synthesis); one or both of 
these activities may be facilitated by a 
conformational change of cis- to trans­
peptide at Gly274-Ser275 • 

Metal ions play crucial roles in the 
mechanism of pol f:l and of the 3' -c. 5' 
exonuclease of pol I. This kind of indepen­
dence from direct involvement of protein 
side chains during catalysis has led to pro­
posals that perhaps hydrolysis reactions in­
volving nonprotein catalysts such as self­
splicing ribozymes (66, 67), where position­
ing of the two metal ions can be achieved 
just as easily by RNA backbone phosphates, 
proceed through a similar two-metal ion 
mechanism as that proposed for the 3' -c. 5' 
exonuclease of pol I (23, 68). In much the 
same way, perhaps the nucleotidyl transfer 
mechanism that we present also applies, to 
some extent, to those ribozymes that are 
capable of catalyzing the nucleotidyl trans­
fer reaction (69, 70). 

Comparisons with other polymerases. 
As discussed in the accompanying report 
( 14), the most obvious structural overlap 
among all four polymerases, KF, RNAP, 
RT, and pol f:l, consists of a conserved pair 
of carboxylic acid side chains located in the 
palm subdomain. As revealed by the pol 13 
active site, the primary function of these 
carboxylic acids is to position two catalyti­
cally critical divalent metal ions. The ob-

servation that even the most divergent 
polymerase structures retain this catalytic 
core is compelling evidence that all poly­
merases share a common catalytic mecha­
nism ( 11, 14). We believe that the pol 13 
ternary complex structures presented here 
are physiologically relevant and that the 
nucleotidyl transfer mechanism that we 
propose based on these structures represents 
a common catalytic mechanism found in all 
polymerases. In the absence of evidence 
that suggests otherwise, the next logical 
argument would be that all polymerases, 
because they share a common catalytic 
mechanism, should bind to the DNA (or 
RNA) template-primer in a fashion very 
similar-at least with respect to the highly 
conserved catalytic residues-to that in 
which pol 13 has attached itself to the DNA 
template-primer in our ternary complex 
(Fig. 7, A to C). All of the polymerase 
structures discussed have a DNA binding 
channel that can grasp a stationary rodlike 
DNA template-primer in one of two gener­
al directions, so the only other possibility 
for binding to the template-primer, provid­
ed that there are no gross conformational 
changes on the part of DNA or protein, is 
shown for the RT structure (Fig. 7D). In 
order to generate Fig. 7D, the template­
primer in Fig. 7C was held stationary while 
the RT molecule was rotated by 180° about 
an axis normal to the plane of the page and 
passing through the polymerase active site. 
The mode of DNA binding depicted in Fig. 
7D, which is opposite to that found in pol f3 
(anti-pol f:l), is the one proposed for KF 
(41), for RNAP (13), and for RT (11, 12). 
We are thus faced with a dilemma. 

Three main possibilities can be pursued. 
First, it could be argued that the other three 
polymerase-DNA models are basically cor­
rect, and that the pol f:l ternary complex 
structures presented here are not physiolog­
ically relevant. However, as stated above, 
there is strong evidence in favor of the 
physiological relevance of our structures, 
and we therefore bypass this possibility for 
the present. A second possibility could be 
that all four of the polymerase-DNA models 
are correct, including the pol 13-DNA 
structures presented here, and that pol f:l 
uses an entirely different mode of template­
primer binding from the other polymerases.· 
However, that pol 13 has a palm subdomain 
that is structurally homologous with the 
other polymerases (14), and that this palm 
subdomain also contains the highly con­
served catalytic residues, suggests other­
wise. The two-metal ion mechanism that 
we propose for the nucleotidyl transfer re­
action seems to depend heavily on the 
positioning of the metal ions by the con­
served carboxylic acid residues: Further­
more, the catalytic site appears to be asym­
metric in that the two metal sites possess 
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different geometries and different binding 
affinities ( 65). This leads us to the third 
possibility, which is the one we choose to 
pursue in the following discussions. The 
other polymerases must bind to a template­
primer in a manner similar to that of pol f:l 
so as to conserve the critical, asymmetric 
geometry of the active site. An inescapable 
inference, then, is that the other poly­
merase-DNA models are not correct with 
respect to the directionality of the tem­
plate-primer in the binding channel. Be­
cause of the complexity of the existing data 
and interpretations, we address each of the 

A 

B 
Kf 

;3' 

5~ 

c 
BT 

3' 

5' 

D 
RT 

5' 

Fig. 7. (A) Schematic drawing showing the 
position of the template-primer as seen in the 
pol f3 ternary complex structure and (B and C) 
our proposed models for the KF-DNA and RT­
DNA complexes, respectively. To generate (B 
and C) the palms of KF and RT were aligned 
with the palm subdomain of pol f3 as viewed in 
(A). In the text, (A to C) represent the pol f3-like 
mode of binding to the template-primer. To 
generate (D), which represents the anti-pol f3 
mode of binding to the template-primer, the 
template-primer in (C) was held stationary, and 
the RT molecule was rotated by 180° about an 
axis normal to the plane of the page and 
running through the RT active site. The tem­
plate-primer was kept stationary in all four dia­
grams because that is a reasonable represen­
tation of in vivo polymerization, where the DNA 
molecule is usually very long and immovable in 
comparison to the polymerase molecule. The 
active site in all four diagrams is at the 3' 
terminus of the primer strand, and the view 
looks down at the palm, which forms the bottom 
of the template-primer binding channel. 
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three other polymerases, KF, RNAP, and 
RT, separately. 

DNA pol I of E. coli is a 103-kD mono­
mer and can be cleaved by limited proteol­
ysis into a large (68-kD) COOH-terminal 
fragment [commonly referred to as the Kie­
now fragment (KF)], and a smaller (35-kD) 
NH2-terminal fragment (1). KF has both 
polymerase and 3' ~ 5' exonuclease (edit­
ing) activities, whereas the small NH2-

terminal fragment functions solely as a 5' 
~ 3' exonuclease. The crystal structure of 
KF alone revealed two distinct domains 
(10), confirming previous proposals that 
the polymerase and 3' ~ 5' exonuclease 
functions of KF lie on separate, indepen­
dent folding units. From its position in the 
pol I amino acid sequence, it was then 
inferred that the missing NH2-terminal 5' 
~ 3' exonuclease domain should be posi­
tioned somewhere to the right of the 3' ~ 
5' exonuclease as viewed in Fig. 7B (10). 
During nick translation, a function intrin­
sic to pol I, it is proposed that the polymer­
ase, starting at a nick in the DNA and 
polymerizing in a 5' ~ 3' direction, works 
in conjunction with the activities of the 5' 
~ 3' exonuclease so that the net result is 
simply a translation of the nick along the 
DNA in a 5' ~ 3' direction (1). It was this 
property of pol I that led to proposals that 
the polymerase domain of pol I bound to 
the DNA template-primer in a manner not 
too different from that shown in Fig. 7B, so 
that the polymerase and the 5' ~ 3' exo­
nuclease were positioned properly, relative 
to the DNA nick, to perform their separate 
activities in conjunction with one another 
(10). Subsequent KF-DNA models were 
proposed to show how the polymerase and 
the 3' ~ 5' exonuclease of KF could work 
in conjunction with one another during the 
DNA editing process (23, 24, 71, 72). 
Once again, these earlier models require 
that KF binds to the DNA template-primer 
in a manner similar to that shown in Fig. 
7B. Therefore, all of the earlier pol I-DNA 
models are in agreement with a pol 13-like 
mode of DNA binding. 

The recent crystal structure determina­
tion of KF crystallized in the presence of a 
putative template-primer revealed an unex­
pected complex in which the KF had bound 
to the template-primer in neither of the two 
binding modes discussed above, but in­
stead, in such a way that the DNA lay in a 
separate, less obvious channel running be­
tween the thumb subdomain of the poly­
merase and the 3' ~ 5' exonuclease (41). 
From this structure it was proposed that 
during polymerization, the KF bent the 
DNA by 80° so that the DNA entered the 
larger, more obvious DNA binding channel 
in a direction opposite to that of all the 
previously proposed KF-DNA models. We 
now find ourselves in the awkward position 
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of presenting arguments in favor of the idea 
that the initial KF-DNA models were cor­
rect, at least with respect to the direction of 
DNA binding, and that the recent KF­
DNA crystal structure (41) might not be 
physiologically relevant. 

Possibly the most compelling reason to 
believe that the previously reported KF­
DNA crystal structure (41) might not be 
physiologically relevant is that it is not in 
accord with the nick translation activities 
of pol I. Other reasons, which concern the 
nature of the KF-DNA crystals themselves, 
are (i) the complex crystals were grown 
under relatively high, nonphysiological salt 
concentrations; (ii) the template-primer in 
the crystallization experiments included an 
unnatural epoxy-ATP; (iii) the template­
primer had been unexpectedly modified 
during crystallization in such a way that the 
primer strand was longer than the template 
strand in the crystal structure; and finally, 
(iv) the complex crystals were isomorphous 
with the apo KF crystals, which in itself is 
not a strong argument, but is made stronger 
by the observation that none of the pol 13 
ternary complex crystals presented here is 
isomorphous with the apo crystals. Because 
the 3' ~ 5' exonuclease domain of KF was 
shown to have a high affinity for the primer 
terminus during other attempts at obtaining 
KF-DNA complex crystals (23), perhaps 
the recently reported KF-DNA structure 
(41) is solely an editing complex in which 
the primer terminus bound to the 3' ~ 5' 
exonuclease site, and the leftover "teth­
ered" DNA, guided by crystal packing 
forces, pound wherever it could under the 
circumstances. This is similar to the argu­
ment presented above that the position of 
the tethered 8-kD domain in our complex 
crystals, though ordered in both structures, 
is probably not physiologically relevant. 

Further support for the idea that the KF 
binds to the template-primer in a manner 
very similar to that of pol 13 comes from 
closer inspection of the DNA binding 
channels of both enzymes. KF possesses 
what appears to be the structural equivalent 
to helices M and N of the pol 13 thumb 
subdomain. As described above, helices M 
and N protrude into the pol 13 DNA bind­
ing channel and interact with the nucleo­
tide substrate (Fig. 3). Though not struc­
turally homologous with helices M and N, 
helices J and K of KF also protrude into the 
KF-DNA binding channel in an area near 
the catalytic carboxylic acids 'that overlaps 
quite well with helices M and N of pol 13, 
suggesting a similar role for helices J and K 
in nucleotide specificity for KF. 

RNA polymerase (RNAP) from bacterio­
phage T7 is a monomer of molecular weight 
99-kD, and the crystal structure determina­
tion of RNAP revealed that it folds into two 
distinct domains ( 13). One domain possesses 
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a polymerase fold that is highly homologous 
with the polymerase domain of KF, while a 
smaller, NH2-terminal domain, though not 
an exonuclease, is located in the same rela­
tive position as the 3' ~ 5' exonuclease 
domain ofKF. That the polymerase domains 
of RNAP and KF are so structurally homol­
ogous was one of the strongest arguments 
presented in favor of a model ( 13) wherein 
RNAP binds to a DNA-RNA duplex in a 
manner similar to that of the recent KF­
DNA model (41). However, as pointed out 
above, we believe that the recent KF-DNA 
complex structure might not be physiologi­
cally relevant and that the KF, instead, 
probably utilizes a pol 13-like mode of bind­
ing to the template-primer. Therefore, we 
propose that like KF, RNAP also utilizes a 
pol 13-like mode of binding to an RNA­
DNA duplex. 

Other evidence besides homology with 
KF was also presented in favor of an anti­
pol 13 mode of template-primer binding for 
RNAP (13)-in disagreement with our pro­
posals for an RNAP-RNA-DNA complex 
structure. Results from mutagenesis studies 
(73, 74) as well as binding studies with 
proteolytically modified RNAP fragments 
(75) suggest that the NH2-terminal domain 
of RNAP binds to the nascent RNA of the 
emerging RNA-DNA duplex (73, 75) and 
that Gln748 of RNAP recognizes the -10 
and -11 bases of the DNA promoter upon 
complex formation (74). These observa­
tions suggested positioning the RNA-DNA 
duplex in the template-primer binding 
channel of RNAP in an anti-pol 13 fashion 
(13). Although more work will be required 
to settle this issue, the structural evidence 
presented by the pol 13 ternary complex 
seems very compelling and interpretations 
of results from the mutagenesis studies as 
well as binding studies of proteolytically 
modified RNAP fragments may require a 
more careful analysis. As an example of the 
difficulties involved in interpreting muta­
genesis and binding studies in the absence 
of structural data on a polymerase-DNA 
complex, mutagenesis studies on pol 13 im­
plicated Arg183 as taking part in primer 
strand recognition upon complex formation 
(76), and binding studies with pyridoxal 
5'-phosphate suggested that the 8-kD do­
main of pol 13 formed a part of the nucleo­
tide binding pocket (77). Neither of these 
conclusions is in agreement with our terna­
ry complex structures, though the results 
from these studies, when re-evaluated, are 
not necessarily in disagreement with our 
structural work [reference 41 in (14)]. 

Retroviral RTs, responsible for making 
double-stranded DNA copies of single­
stranded RNA viral genomes, had been 
well studied (78) prior to the discovery that 
the retrovirus HIV- I was the cause of AIDS 
(79-81). This facilitated the study of the 
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HIV-1 RT because its mechanism of oper­
ation is similar to that of many previously 
studied RTs (82). HIV-1 RT functions as a 
heterodimer, and the crystal structure de­
termination of RT showed that one mono­
mer of the heterodimer, called p66 because 
it has a molecular mass of 66 kD, folds into 
two distinct domains: a typical polymerase 
domain (palm, fingers, and thumb) and a 
connected ribonuclease (RNase) H domain 
(11, 12). The second monomer of the RT 
heterodimer, p5 l, is simply a copy of p66 in 
which the 15-kD RNase H COOH-termi­
nal segment has been proteolytically 
cleaved. In contrast to the fingers, palrri, 
and thumb of the polymerase domain of 
p66, the fingers, palm, and thumb of p51 
occupy relatively different positions in the 
crystal structure, resulting in something 
other than a typical polymerase fold for p5 l 
in the p66-p51 heterodimer (11, 12). Only 
p66 is shown in Fig. 7C for clarity and to 
highlight how the RNase H domain lies in 
approximately the same direction with re­
spect to the polymerase as the 3' ~ 5' 
exonuclease domain of KF. The function of 
the RNase H is to remove the viral RNA 
template from the RNA-DNA hybrid that 
results after RNA-directed DNA polymer­
ization (reverse transcription) of the viral 
genome. 

In keeping with our proposals that all 
polymerases share a common catalytic mech­
anism, and hence a common template-prim­
er binding mode, we suggest that the poly­
merase domain of the p66 monomer of RT 
also binds to a template-primer in a manner 
similar to that of pol 13 (Fig. 7C). Some 
evidence of this exists in that, as with KF 
and RNAP, RT also seems to possess the 
structural equivalent to helices M and N of 
pol 13. Though not quite as obvious and 
pronounced as in the other polymerases, 
beta strands 12 and 13 of RT do protrude 
into the template-primer binding channel 
near the catalytically important carboxylic 
acid residues in an area that overlaps quite 
well with helices M and N of pol 13 and 
helices J and K of KF, implicating beta 
strands 12 and 13 of RT as possibly playing a 
similar role in substrate specificity. 

In disagreement with this proposal is the 
crystal structure of RT complexed with a 
template-primer; which shows that HIV-1 
RT has bound to the temQlate-primer in a 
manner opposite to that of pol 13 (12) (Fig. 
7D may serve as an approximate represen­
tation of that structure}. We can present 
some of the same reservations as to the 
physiological relevance of the RT-DNA 
cc;implex as were presented above for the 
KF-DNA complex: (i) The RT-DNA com­
plex crystals were grown at relatively high, 
nonphysiological salt concentrations; (ii) 
the template-primer in the crystallization 
experiments was odd in that it had only a 

single base template overhang; and (iii) the 
complex crystals were isomorphous with the 
apo structure crystals. However, unlike KF, 
there exists strong evidence in favor of the 
idea that the RT nevertheless binds to a 
template-primer in the manner depicted in 
Fig. 7D, regardless of the physiological rel­
evance of the RT-DNA crystal structure. 
This evidence comes from kinetic studies 
that show a tight temporal coupling be­
tween the polymerase and RNase H activ­
ities of RT during the reverse transcription 
process (83). These results suggest that RT 
binds to the template-primer in such a way 
that the RNase domain comes in contact 
with the RNA template of the emerging 
RNA-DNA duplex during reverse tran­
scription, which would be possible only if 
the anti-pol 13 mode of binding were em­
ployed, as shown in Fig. 7D. 

Although we have presented strong 
structural evidence in favor of the idea that 
RT binds to the template-primer in a man­
ner similar to that of pol 13, KF, and RNAP, 
there seems to be equally strong kinetic 
evidence (83) in support of an anti-pol 13 
mode of template-primer binding for RT 
during RNase H coupled polymerization 
activity. Thus it may be that RT can bind 
to the template-primer in two different 
catalytically competent ways; an RNase H 
independent, pol 13-like mode of binding 
and an RNase H--coupled, anti-pol 13 mode 
of binding. 

The method by which RT makes dou­
ble-stranded DNA copies of the single­
stranded RNA genome is quite complicated 
(82), so it is not too difficult to imagine that 
one enzyme performing so many different 
functions might employ two modes of bind­
ing to a template-primer (Fig. 7, C and D). 
Although this appears to be in disagree­
ment with our arguments that the asymmet­
ric geometry of the polymerase active site 
must be conserved, closer inspection of the 
RT active site reveals that our arguments 
may nevertheless hold true. As it turns out, 
the 180° rotation performed on the RT in 
Fig. 7C to produce Fig. 7D resulted in an 
active site where Asp185 and Asp186 of RT 
(the equivalent to Asp190 and Asp192 in pol 
13) have simply switched positions, and 
Asp110 (the equivalent to pol 13's Aspz56) 

has been replaced by Tyr183• Instead of 
Asp110, Tyr183 is now near the primer 3' 
terminus for RT in the anti-pol 13 mode of 
template-primer binding, suggesting that 
perhaps Tyr183 performs some of the same 
functions that Asp110 performs when RT is 
in a pol 13-like binding mode. Thus the 
geometry of the active site seems to be 
conserved. In support of this idea, the 
YMDD sequence of RT (Tyr183 , Met184 , 

Asp185, Asp186) is the most highly con­
served amino acid sequence in all known 
RTs, and mutations to the tyrosine residue 
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of this segment have shown it to be highly 
critical for catalysis (84). None of the other 
polymerases discussed, neither pol 13, KF, 
nor RNAP, has a structural equivalent to 
Tyr183 in RT. 

Another aspect of the models in Fig. 7, 
C and D, is that a much smaller part of RT 
is in contact with duplex DNA in Fig. 7C, 
possibly suggesting a more distributive 
mode of synthesis when RT invokes a pol 
13-like mode of template-primer binding. A 
more distributive mode of polymerization 
has been observed for RT when a DNA 
template is utilized instead of an RNA 
template (85, 86). All this leads us to 
propose that RT might use a pol 13-like 
mode of binding for a DNA template, and 
the reverse, anti-pol 13 mode of binding for 
an RNA template, thus making it a reverse 
transcriptase in another sense of the word. 
The anti-pol 13 mode of template-primer 
binding (Fig. 7D) could be operative during 
the highly processive, RNase H--coupled, 
RNA-directed DNA polymerization of the 
viral minus strand (82), whereas a pol 
13-like mode of template-primer binding 
(Fig. 7C) could be employed during the 
more distributive DNA-directed DNA pol­
ymerization of the viral plus strand (82), 
when RNase H coupled polymerization is 
no longer required. The most salient feature 
of this proposal is that RT may distinguish 
between the two types of DNA substrates 
involved: the A form of an RNA-DNA 
hybrid versus the B form of a DNA duplex. 
For instance, RT might possess the struc­
tural equivalents of pol 13's LysZ34, Tyrz71 , 

and Arg283 (which, as discussed above, 
break up the water structure of the minor 
groove near the active site) only when RT 
employs a pol 13-like mode of binding. If all 
DNA-directed DNA polymerization steps 
require that the water structure in the 
minor groove of the B-DNA template­
primer be disrupted, this would make it 
unfavorable for RT to bind to a B form 
substrate in any other way but in a pol 
13-like fashion. 

Although the aforementioned proposals 
restrict RT from utilizing an anti-pol 13 
mode of binding on B form substrates, they 
do not necessarily restrict RT from utilizing 
a pol 13-like mode of binding on A-form 
substrates, which already possess a broad 
minor groove. It is therefore feasible that 
other, possibly non-RNase H coupled steps 
during the replication of the viral genome, 
such as tRNA primed synthesis of the mi­
nus strand strong stop DNA or synthesis of 
the RNase H insensitive polypurine tract 
(ppt) (82), might employ a pol 13-like mode 
of template-primer binding for RT as well, 
despite the fact that an RNA template is 
utilized during these steps. That it might be 
possible for RT, under certain circum­
stances, to employ the same mode of bind-
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ing for an RNA template as for a DNA 
template is supported by kinetic studies 
showing that pol I, under the appropriate 
conditions, can utilize an RNA template 
almost as efficiently as its natural DNA 
template (87). In the case of the synthesis 
of minus stand strong stop DNA, the length 
of the tRNA primer (18 nt) is the same as 
the distance between the polymerase active 
site and the RNase H active site (about 18 
bp) (83). Accordingly we suggest that per­
haps the bulky tRNA molecule attached to 
the primer strand functions as a steric hin­
drance to binding at the RNase H active 
site, forcing RT to use the pol J3-like mode 
of template-primer binding during this step 
of the cycle. In favor of this argument is the 
observation that RT polymerization during 
minus strand strong stop synthesis appears to 
be more distributive than during reverse 
transcription of the viral genome (88, 89). 
Also supporting this idea are results from 
primer utilization studies showing that 
tRNA primed synthesis of minus strand 
strong stop DNA, at least in vitro, does not 
require a specific tRNA such as human 
tRNAi.vs' which is utilized by RT in vivo 
(90). 

Further indication of ·a possible dual 
mode of template-primer binding by RT 
comes from many independent studies. Ac­
tive site titration studies showed that the 
RT heterodimer possesses a possible second 
template-primer binding site, but what is 
most intriguing about these results is that 
this second binding site only reveals itself 
after the template strand of the template­
primer has been shortened to 16 nt (91). 
Along the same lines, although a model 
proposing an RNA-DNA-RNA intermedi­
ate for a RT strand transfer mechanism does 
not suggest a second mode of template­
primer binding (92), perhaps some of the 
kinetic and crosslinking data leading up to 
that model can also be interpreted as evi­
dence in favor of our arguments. Further­
more, kinetic studies on the individual p66 
and p51 monomers of RT showed that both 
of these monomers are fully capable of 
catalyzing the nucleotidyl transfer reaction, 
but only under optimal conditions for each 
monomer (93). That the optimal template 
for p66 was RNA and the optimal template 
for pS l was DNA strengthened the proposal 
that the RT heterodimer "may be function­
ally asymmetric with distinct plus and mi­
nus strand polymerases" (93). It was further 
suggested that the p66 monomer of the 
p66-p51 RT heterodimer was responsible 
for RNA-directed DNA polymerase func­
tions (reverse transcription), whereas the 
pS l monomer of the heterodimer was re­
sponsible for the DNA-directed DNA poly­
merization activities of RT (93). However, 
as discussed above, the crystal structure of 
the p66-p51 RT heterodimer clearly shows 
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that the p5 l monomer does not possess a 
polymerase fold, at least while p51 RT is a 
part of the p66-p51 heterodimer (II, 12). 
Therefore, our hypothesis that the p66 
monomer of the p66-p51 RT heterodimer 
may act as two different polymerases that 
happen to share a common active site is not 
only in agreement with the idea that the 
RT heterodimer is functionally asymmetric 
with distinct plus and minus strand poly­
merases (93), but is in accord with the 
structural work (11, 12) as well. 

finally, a dual mode of template binding 
by RT ~ight go a long way toward explain­
ing why drugs such as AZT can specifically 
target HIV-1 RT in preference to host cell 
polymerases. Pol 13, KF, RNAP, and even 
RT (when in a pol 13-like mode of template­
primer binding) all seem to possess structural 
features near the active site, such as helices 
Mand N of pol J3, that may be responsible 
for nucleotide selectivity. However, there 
appears to be no structural equivalent to 
helices M and N of pol J3 when RT is in an 
anti-pol J3 mode of template-primer bind­
ing, which might explain why RT is so error 
prone and more sensitive to AZT-TP inhi­
bition. In support of this idea are kinetic 
studies that, show decreasing K; values for 
AZT-TP in its binding to pol J3 (Ki = 73 
µ,M) and to RT (Ki = 0.3 µM) when calf 
thymus DNA is utilized as a template in both 
cases, as compared to RT when the native 
RNA template is utilized (K; = 0.01 µM) 
(55). The decreasing order of Ki values 
(tighter binding) might reflect the decreas­
ing number of structural elements in the 
active site that can, through steric hin­
drance, induce nucleotide specificity, the 
order of structural hindrance being: the pol 
f3's helices M and N >> RT's 13 strand 12 
and 13 (when employing a pol 13-like mode 
of template-primer binding on a DNA tem­
plate) > RT when employing an anti-pol J3 
mode of binding on an RNA template. With 
this in mind, one could imagine how AZT, 
ddC, and ddl resistant RT mutants might 
arise in AIDS patients after prolonged treat­
ment with these drugs (94-97). As discussed 
above, much of the nucleotide binding 
pocket in pol 13 is determined by the exact 
position of the template-primer, so a single 
mutation that affects how RT binds to the 
template-primer could in tum affect the 
nucleotide binding site. Indeed, it has been 
proposed that many of the drug resistant 
mutations in RT, because they are so distant 
from the active site, interact primarily 
with the template strand (11). Perhaps 
these RT mutants affect template-primer 
binding in such a way as to introduce 
structural elements, similar to helices M 
and N of pol 13, into the nucleotide 
binding pocket of RT, possibly causing 
greater selectivity and more resistance to 
these anti-HIV drugs. 
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that had a slight yellow hue and were difficult to 
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29. The ddCTP was purchased (Sigma) as 4 µ,mol 
· samples and stored at -20°C. The H2 0 used 

throughout all crystallization procedures had 
been deionized, then distilled, prior to use. 

30. Crystals were grown at room temperature in 
MVD-24 sitting drop trays (Charles Supper Co.), 
which were subsequently sealed with clear 
packaging tape (Manco, purchased from Sears) 
to allow vapor diffusion between the reservoir 
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the reservoir solution with 20 µ.I of the protein­
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Analysis of Space Available Within the Active Site of a DNA Polymerase Ternary Complex 
(polymerase,. DNA template/primer,. nucleotide} to Accommodate a 3'-Capped dNTP 

Based on the 3-dimensional structure of the ternary complex (polymerase, DNA template/primer, nucleotide} 
determined by Pelletier et ai. (Pelletier et al. "Structures of ternary complexes of rat DNA polymerase beta, a 
DNA template-primer, and ddCTP." Science 1994, 264, 1891-1903), which is cited in U.S. Serial No. 15/380,2.84 
(Ju et aL Massive parallel methodfor decoding DNA and RNA), an analysis was performed to determine the space 
available for a 3' -0 capping group on the 3' carbon of the deoxyribose of the nucleotide. The results indicate 
that there is only a small space available between amino acids in the active site of the polymerase and the 3' 
carbon of the deoxyribose of the nucleotide, as shown in the Figure below (corresponding to Fig. 1 of U.S. Serial 

No. 15/380,2.84 and to Fig. 6 of Pelletier et al.; color and labels added for clarity). This space can only 
accommodate a capping group of i!mited diameter on the 3' position of the deoxyribose of the nucleotide. 

Pelletier et aL (1994) determined that three amino acids of the polymerase, Tyr 271, Phe272, and Gly274, are in 
dose proximity to the 3' carbon of the deoxyribose of the nucleotide. (Pelletier et al. 1994, Table 3). in Table 3 
Pelletier et al. highlight the distances from the nucleotide to these amino acids in the polymerase ternary 
complex as follows: 3.2. A between the 3' carbon of the deoxyribose ring and Phe2.72; 3.2 l-\ between the 2' 
carbon of the deoxyribose ring and Gly2.74; and 3.5 A between the 2.' carbon and Tyr271. 

The distances given in Pelletier et al. were used to calculate the available space around the 3' carbon of the 
deoxyribose ring of the nucleotide. it was determined that the diameter of the available space in the active site 
of the polymerase ternary complex is approximately 3.7 A . 

.••.. Aeptto 

The Figure above from Pelletier et aL {1994) shows the .3-dimensional structure of the ternary complexes of rat 

DNA polymerase, a DNA template-primer, and dideoxycytidine triphosphate. The active site of the polymerase 
Applicant: n1e Trustees of Columbia 
University in the City of New York 
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is highlighted. Note that the 3' position of the dideoxyribose ring (blue) is very crowded. (See also Brief 
Description of the Figures of U.S. Serial No. 15/380,28Ll for FIG. 1). 

The diameters of five groups possibly useful as 3' -oxygen capping groups for a nudeotide analogue (ally!, 

methoxymethyl (MOM), methy!thiomethy!, azidomethy!, and 2-nitrobenzy!, whose structures are shown below} 
were calculated. The calculations were based on the lengths and angles of the bonds beyond the 3' carbon of 

the deoxyribose ring of the nucleotide, and were determined using Chem3D Pro software (MC Squared, 
"Software Review: CS Chem3D Pro 3.5 and CS MOPAC Pro" Electronic journal of Theoretical Chemistry, 1997, 2, 
215--217). 
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The calculated diameter (D) for each group is as follows: 

1. Ally! (-·CHrCH=CH2): D = 3.0 A 

2. Methoxymethy! (MOM; ···CHrOCH3): D= 2.1 A 

3. Methylthiomethyl (-··CH2-SCH3): D= 2.4 A 

4. Azidomethyl (-CHrNs): D= 2.1 A 

5. 2-Nitrobenzyl (-C7H602N): D = 5.0 A 

Conclusion: 

The available space in the active site of the polymerase around the 3' position of the deoxyribose ring of the 
nucleotide in the polymerase ternary complex has a diameter of approximately 3.7 A. The ally!, MOM, 
methylthiomethyl and azidomethy! groups (diameters ranging from 2.1 A to 3.0 A) wm fit into the available 
space, but the rigid aromatic 2-nitrobenzyl group (diameter 5.0 A) will not fit into the active site of the 

polymerase due to its larger diameter. 

3 
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ABSTRACT 

Eight 3'-modified-dNTPs were synthesized and tested 
in two different DNA template assays for incorporation 
activity. From this enzymatic screen, two 3'-0-methyl­
dNTPs were shown to terminate DNA syntheses 
mediated by a number of polymerases and may be used 
as alternative terminators in Sanger sequencing. 3'-0-
(2-Nitrobenzyl)-dA TP is a UV sensitive nucleotide and 
was shown to be incorporated by several thermostable 
DNA polymerases. Base specific termination and 
efficient photolytic removal of the 3'-protecting group 
was demonstrated. Following deprotection, DNA 
synthesis was reinitiated by the incorporation of natural 
nucleotides into DNA. The identification of this labile 
terminator and the demonstration of a one cycle stop­
start DNA synthesis are initial steps in the development 
of a novel sequencing strategy. 

INTRODUCTION 

2 '-Deoxyribonucleoside-5 '-triphosphates ( dNTPs) modified at 
their 3'-hydroxyl position can act as terminators of enzyme­
directed DNA synthesis (1-12). These nucleotide analogs are 
useful as DNA sequencing tools, mechanistic probes, 
antimetabolites, and as antiviral agents. Consequently, such 
compounds have been used for analytical and therapeutic studies 
(2). Overall, however, the number of compounds that are well 
characterized is small, and there is considerable scope for new 
combinations of terminators and polymerases to be identified. 

Among the most familiar terminators of DNA synthesis are 
the 2', 3'-dideoxyribonucleoside-5'-triphosphates (ddNTPs) that 
are the basis for Sanger DNA sequencing (13). In that method 
oligonucleotide-primed DNA or RNA templates are enzymati­
cally extended in a 5' - 3' direction in the presence of a mixture 
of dNTPs and ddNTPs to generate a population of molecules that 
are terminated at specific base positions. DNA fragments of 
different lengths are resolved by denaturing polyacrylamide gel 

*To whom correspondence should be addressed 

electrophoresis and detected either by radioactive or fluorescent 
labels to reveal the underlying base sequence. Despite the obvious 
limitations of gel electrophoresis for sequencing long DNA 
strands, this method has been the favored approach for more than 
ten years (13, 14). 

Improvements to the Sanger protocols are being sought to meet 
the increasing demands of large scale sequencing of whole 
genomes (14). We and others (15-18) have independently 
conceived a radically different, gel-free alternative to the Sanger 
scheme for DNA sequencing. This method, called the Base 
Addition Sequencing Scheme (BASS), is based on novel 
nucleotide analogs that terminate DNA synthesis. BASS involves 
repetitive cycles of incorporation of each successive nucleotide, 
in situ monitoring to identify the incorporated base, and 
deprotection to allow the next cycle of DNA synthesis, (Figure 
1). Compared to Sanger sequencing, BASS has two major 
advantages: base resolution would not require gel electrophoresis 
and there is a tremendous capacity for simultaneous analyses of 
multiple samples. The complete scheme demands nucleotide 
analogs that are tolerated by polymerases, spectroscopically 
distinct for each base, stable during the polymerization phase, 
and deprotected efficiently under mild conditions in aqueous 
solution. These stringent requirements are formidable obstacles 
for the design and synthesis of the requisite analogs. 

The investigation of the interactive patterns between various 
terminating analogs and different enzymes is an important 
preliminary phase in the development of the BASS method. 
Consequently, eight 3'-modified-dNTPs were synthesized and 
examined for their ability to terminate DNA synthesis mediated 
by a variety of polymerases. The majority of 3 '-modified analogs 
have labile protecting groups that have the potential to be 
incorporated into BASS. Active combinations of terminators and 
enzymes were identified using two different primer-template gel 
assays. One of these compounds, 3'-0-(2-nitrobenzyl)-dATP [7], 
was used to demonstrate one complete cycle of termination, 
deprotection, and reinitiation of DNA synthesis. 

+Present address: LI-COR Inc., Biotechnology Division, Lincoln, NE 68504-5000, USA Applicant: The Trustees of Columbia 
University in the City of New York 
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Figure 1. Cartoon of the Base Addition Sequencing Scheme (BASS). A primer 
is annealed to a biotinylated-labeled template bound to a solid support. Four 
deoxynucleotides triphosphates that have spectroscopically unique blocking groups 
attached to the 3'-position are added. Polymerase extension is terminated after 
the addition of one base. Upon imaging of the reporter group, the protecting group 
is removed resulting in a 'free' 3' -OH group, allowing the addition of the next 
complement base. 

MATERIALS AND METHODS 
General 
High field Nuclear Magnetic Resonance (NMR) spectra were 
recorded on a Bruker AC250 (1H at 250 MHz, 13C at 62.9 
MHz, 31P at 101.26 MHz) or a Varian XL 200 (lH at 200 
MHz, 13C at 50 MHz, 3tp at 81 MHz). Ultraviolet (UV) spectra 
were recorded on a Hewlett-Parkard model 8452A diode array 
spectrophotometer. Thin layer chromatography was performed 
on Whatman silica gel 60 A F254 plates. Flash chromatography 
was performed on SP silica gel 60 (230-600 mesh ASTM). Ion­
exchange chromatography was performed on Fluka DEAE 
cellulose C451 (HC03- form). Photodecomposition of 3'-0-
(2-nitrobenzyl)-dA TP [7) was performed using a FisherBiotech 
transilluminator. 

Organic syntheses 
The chemical structures of compounds [1)-[8) are shown in 
Figure 2. Compounds [1]-[4], [6], [8] were prepared according 
to the general scheme: 

HO 
~ase 

OH imidazole, DMF 

TBDPSO~ Base 
0 

OH 

9 

TBDPSO . 

add 3'-group l . ,,_ fase Bu4NF p-
HO 
~ase 
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The 5'-hydroxyl was protected with a tert-butyldiphenylsilyl 
(TBDPS) group, and the specific addition of the 3'-protecting 
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Figure 2. Chemical structures of the 3'-modified-nucleotides. Details of the 
chemical syntheses are described in the Materials and Methods section. 

groups (P') are described below. Desilylations were performed 
by the addition of 1.0 equiv. of tetrabutylammonium fluoride 
(Bu4NF) to the 3'-protected-5'-silyl-adenosine or thymidine 
derivatives. The reactions were monitored by TLC; after 
completion (ca. 15 min.), the reactions were quenched with 1.0 
equiv. of glacial acetic acid. The solvent was removed, and the 
residues were purified by silica column chromatography (10% 
methanol/ ethyl acetate). 

2'-Deoxy-3'-0-methyladenosine [l]. To 2'-deoxy-5'-ten­
butyldiphenylsilyladenosine [9] (200 mg, 0.4 mmol) in benzene 
(5 mL), methyl iodide (568 mg, 4.0 mmol, 10 equiv.), 
tetrabutylammonium hydroxide (TBAH) (40% solution, 325 µL), 
and 1 M NaOH (5 mL) were vigorously stirred at 25°C for 16 
h. The organic layer was extracted with ethyl acetate and washed 
with deionized (D.I.) water, saturated NaCl, dried over Na2S04 

and purified by flash chromatography using a stepwise gradient 
(0% methanol/ethyl acetate to 5 % methanol/ethyl acetate in 2 % 
intervals) (180 mg, 89%) (19). 

The 0-methyl derivative from the above procedure (80 mg, 
0.16 mmol), after desilylation and flash chromatography gave 
compound [1] as colorless crystals (30 mg, 70%). High resolution 
mass spectrometry (HRMS) mle calculated for C 11 H 15N50 3: 
265.1172, observed 265.1154. 

2'-Deoxy-3'-0-acyladenosine [2]. 2'-Deoxy-5'-tert-butyldi­
phenylsilyladenosine [9] (100 mg, 0.2 mmol), acetic anhydride 
(28 mg, 0.27 mmol), and 4-dimethylaminopyridine (DMAP) (5 
mg, 0.05 mmol) in dry pyridine were stirred at 25°C for 6 h. 
After removing pyridine under vacuum, the residue was dissolved 
in D.I. water, extracted in chloroform, washed with D.1. water, 
10% HCI, saturated NaHC03, saturated NaCl, dried over 
Na2S04 and flash chromatographed (96 mg, 90%). 

The 3'-0-acyl derivative (100 mg, 0.19 mmol) following 
desilylation and flash chromatography afforded compoud [2] (44 
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mg, 80%). HRMS m!e calculated for C 12H15N504 : 293.1121, 
observed 293.1107. 

2 '-Deoxy-3 '-0-allyladenosine [3]. 2 '-Deoxy-5 '-ten-butyldi­
phenylsilyladenosine [9] (200 mg, 0.4 mmol) in benzene (5 mL), 
allyl bromide (484 mg, 4.0 mmol, 10 equiv.), TBAH (40% 
solution, 390 µL), and I M NaOH (5 mL) were stirred at 25°C 
for 15 h. Following ethyl acetate extraction, the organic phase 
was washed with D.I. water, saturated NaCl, dried over 
Na2S04, and flash chromatographed (157 mg, 74%). 

The 0-allyl derivative (198 mg, 0.37 mmol) following 
desilylation and flash chromatography gave compound [31 (106 
mg, 98.5%). HRMS mle calculated for C13H 17N50 3: 291.1328, 
observed 291.1318. 

2 '-Deoxy-3 '-0-tetrahydropyranyladenosine [4]. 2' -Deoxy-5 '-te71-
butyldiphenylsilyladenosine [9] (2.90 g, 5.92 mmol), dihydro­
pyran (4.89 g, 59.2 mmol, 10 equiv.) and pyridinium nitro­
benzenesulfonate (1.67 g, 5.92 mmol) were dissolved in 
methylene chloride (20 mL} and stirred at 40°C for 20 h. The 
reaction mixture was washed with D.I. water, saturated NaCl, 
dried over Na2S04 and flash chromatographed to give a 
diastereomeric mixture of 2 '-deoxy-3 '-0-tetrahydropyranyl-5 ' -
ten-butyldiphenylsilyladenosine (0.4 g, 12 %). 

The tetrahydropyran derivative formed above, after desilylation 
and flash chromatography yielded compound [4) (147 mg, 84%) 
as a mixture of diastereomers. HRMS m/e calculated for 
C1sH21N50 4 : 335.1589, observed 335.1581. 

2 '-Deoxy-3 '-0-(2-aminobenzoyl)adenosine-5 '-triplwsphate [SJ. 
This compound was prepared according to the procedure of 
Hiratsuka et al. (20) directly from the 2'-deoxyadenosine-5'-tri­
phosphate sodium salt. 

2 '-Deoxy-3 '-0-(4-nitrobenzoyl)adenosine [6]. 2'-Deoxy-5'-ten­
butyldiphenylsilyladenosine [9) (100 mg, 0.2 mmol), 4-nitro­
benzoyl chloride (89 mg, 0.48 mmol), DMAP (5 mg, 0.04 mmol) 
were dissolved in pyridine and stirred for 8 h. Following solvent 
removal, the residue was dissolved in chloroform and was washed 
D.I. water, saturated NaHC03, D.I. water, saturated NaCl, 
dried over Na2S04, and flash chromatographed giving a 
colorless solid (73 mg, 57%). 

The 4-nitrobenzoyl derivative (66 mg, 0.1 mmol) following 
desilylation and flash chromatography gave compound [6] (22 
mg, 57%). HRMS m/e calculated for C 17H 16N606: 400.1128, 
observed 400.1140. 

2 '-Deoxy-3 '-0-(2-nitrobenzyl)adenosine [7]. 2 '-Deoxyadenosine 
(100 mg, 0.4 mmol) [dried by repeated coevaporation with 
pyridine] was dissolved in hot DMF and cooled to 0°C in an 
ice bath. To the above solution, NaH (26 mg, 0.52 mmol [50% 
in mineral oil] in DMF after washing with dry benzene was added 
and stirred for 45 min. 2-Nitrobenzyl bromide (95 mg, 0.44 
mmol) in DMF was added, and the reaction stirred for 3 h. The 
reaction was quenched with told D.I. water and stirred overnight. 
The solid obtained was filtered, dried, and recrystalized in ethanol 
(122 mg, 79%). HRMS mle calculated for C 17H 18N60s: 
386.1335, No mle was observed. Fast atom bombardment MS, 
nitrobenzyl alcohol (NBA) mle 387.1 (M+l). 

2 '-Deoxy-3 '-0-methylthymidine [8]. 2 '-Deoxy-5 '-ten-butyldi­
phenylsilylthymidine [9] (100 mg, 0.21 mmol) in benzene (5 mL), 
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methyl iodide (43 mg, 0.3 mmol), TBAH (40% solution, 325 
µL), and 1 M NaOH (5 mL) were vigorously stirred at 25°C 
for 6 h. The organic layer was extracted with ethyl acetate and 
washed with D.I. water, saturated NaCl, and dried over Na2S04 

(100 mg, 98%). 
The above sample, following desilylation and purification by 

flash chromatography, gave compound [8] (36 mg, 88 % ) . HRMS 
mle calculated for CllH16N20 5: 256.1059, observed 256.1082. 

Syntheses of nucleoside 5' -triphosphates 

In general, the 3'-modified nucleoside {l.O equiv.) was dissolved 
in trimethylphosphate under nitrogen atmosphere. Phosphorus 
oxychloride (POC13) (3.0 equiv.) was added, and the reaction 
stirred at -10°C for 4 h. The reaction was quenched with a 
solution of tributylammonium pyrophosphate (5. 0 equiv.) in 
DMF and tributylamine (0.2 mL) (21). After stirring vigorously 
for 10 min., the reaction was quenched with 2 mL of 2 M TEAB, 
pH 7.5. The solution was concentrated, and the triphosphate 
derivative was isolated by linear gradient (0.01 M to 0.5 M 
TEAB) using a DEAE cellulose (HC03 - form) column. 

Reverse-phase high performance liquid chromatography 
(RP-HPLC) 

The RP-HPLC hardware system consisted of a Beckman 
controller and model lOOA pumps, a Rheodyne model 7125 
injector, an Applied Biosystems (ABI) model 759A absorbance 
detector, and a Spectra-Physics model SP4600 DataJet integrator. 
Gradient RP-HPLC was performed using an ABI aquapore 
OD-300 column (4.6 mmx250 mm) where 'Buffer A' is 100 
mM triethylammonium acetate (TEAA), pH 7.0 and _Buffer 
B' is 100 mM TEAA, 70 % (v/v) acetonitrile. Compounds 
[l]-[6] and [8] were purified using the following gradient 
conditions: 0% B, 5 min.; 0% B - 40% B; 60 min.; 40% B 
- 100% B, 18 min.; 100% B, 5 min. at a flow rate of0.5 mL 
per min. Compound [7] was purified using the following gradient 
conditions: 30% B, 5 min.; 30% B - 70% B, 60 min.; 70% 
B - 100% B, 15 min.; 100% B, 5 min. The gradient conditions 
used to analyze individual nucleotides were: 0% B, 5 min.; 0% 
B - 40% B, 30 min.; 40% B - 100% B, 18 min.; 100% B, 
5 min. 

Polymerases 

Avian Myeloblastosis Virus (AMV) and Moloney Murine 
Leukemia Virus (M-MuLV) reverse transcriptases, Klenow 
fragment of DNA polymerase I, and T4 polynucleotide kinase 
were purchased from Pharmacia. Bst DNA polymerase was 
purchased from Bio-Rad Laboratories. AmpliTaq® DNA 
polymerase and rTth DNA polymerase were purchased from 
Perkin Elmer. Sequenase® was purchased from United States 
Biochemical. VentR® (exo-) DNA polymerase was kindly 
provided by New England Biolabs. Pfu (exo-) DNA 
polymerase was purchased from Stratagene. 

DNA templates 
M13mp19 DNA was obtained from a 250 mL culture by 
polyethylene glycol precipitation and purified by a QIAGEN-tip 
100 column according to the manufacture's protocol. Universal 
primer (5'-TGTAAAACGACGGCCAGT), biotinylated and 
unbiotinylated oligonucleotide template (5 '-T ACGGAGGTGG­
ACTGGCCGTCGTTIT ACA) and biotinylated oligonucleotide 
template (5' -T ACGGAGGTTTTTGGACTGGCCGTCGTTT-
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ACA) were synthesized using an ABI model 380B DNA 
synthesizer and purified by trityl-on RP-HPLC. All 
nonradioactive nucleotides were purchased from Pharmacia, and 
['y-32P]ATP was purchased from Amersham. 

Polymerase incorporation assays 
Two different template assays were used to test for 3 '-modified 
nucleotide incorporation. In the first, designated the 'Ml3mpl9-
template assay', [32P]-labeled universal primer was annealed to 
single-stranded Ml3mp19 DNA (0.1 pmol to 0.45 µ,g respect­
ively, per 5 µ,L) in the specific enzyme buffer by heating to 80°C 
for 5 min. and cooling slowly to 25°C. The subsequent enzymatic 
extension of the primer-template complex was performed under 
conditions that are analogous to Sanger sequencing, where the 
natural nucleotides were mixed with either a dideoxynucleotide 
or 3 '-modified nucleotide terminator to generate a sequencing 
ladder. For the second assay, designated the 'Oligo-template 
assay', [32P]-labeled universal primer was annealed to an 
oligonucleotide template (0.05 pmol to 0.1 pmol respectively, 
per 5 µ,L) in the same fashion. Subsequent extensions were 
performed in the absence of the natural nucleotide when either 
a dideoxynucleotide or 3 '-modified nucleotide was tested. 

For each reaction, 5 µ,L aliquots of the annealed primer­
template samples were dispensed into separate tubes containing 
5 µ,L mixtures of each enzyme and nucleotides in their specific 
buffers. The final buffer conditions, concentrations of nucleotides, 
enzymatic units, and incubation temperatures are given in Table 
1. The reactions were incubated for 10 min. and then stopped 
by the addition of 5 µ,L of stop solution containing 98% D.I. 

formamide, 10 mM EDTA, pH 8.0, 0.025% bromophenol blue, 
and 0.025% xylene cyanol. The samples were heated to 85°C 
for 3 min., chilled on ice, and either 4 µ,L (Ml3mp19-template 
Assay) or 3 µ,L (Oligo-template assay) were loaded on a 10% 
or 20% polyacrylamide gel, respectively. Following 
electrophoresis, the gel was fixed in an aqueous 10% acetic acid, 
10 % methanolic solution (v/v), dried, and autoradiographed on 
HyperfilmTM-MP (Amersham). 

Biotinylated Oligo-template assay 
The conditions of this assay are similar to the Oligo-template 
assay except prior to primer annealing, 2.0 pmol ofbiotinylated 
template was captured on 10 mL streptavidin coated magnetic 
beads (Dynal Dynabeads® M-280) in 1 M NaCl for 15 min. 
After washing the bound template in the specific enzyme buffer, 
0.1 pmol of [32P]-labeled universal primer was annealed to an 
oligonucleotide template and extension reactions were performed 
as described in the Oligo-template assay. 

RESULTS 
Syntheses and purification 
Compounds [1] through [8] were synthesized, desilylated, 
phosphorylated and purified as described above. In general, the 
yields of 3 '-protection reactions ranged from 57 % to 98 % with 
the exception of 3'-0-THP-dATP [4]. This low yield (12%) is 
believed to be due to the acidic properties of the silica gel 
hydrolyzing the linkage to the THP group. For the desilylation 
reactions, the yields ranged from 70% to 98%, except for 3'-0-

Table 1. Specific enzymatic conditions for both the M13mp19-template and Oligo-template assays 

Enzymatic AMV-RT M-MuLV-RT Kienow Sequenase® BstDNA AmpliTaq® Pfa(exo-) rTthDNA Vent(exo-)'!9 
Conditions fragment polymerase DNA DNA polymerase DNA 

polymerase polymerase polymerase 
Buffers 

[Tris-HCI] 50 m,M, pH 8.3 SO m,M, pH 8.3 10 m,M, pH 8.5 40 m,M, pH 7.5 10 m,M, pH 8.5 10 m,M, pH 8.5 20 m,M, pH 8.75 SO m,M, pH 8.3 20 m,M, pH 8.8 
[MgCl2] 8mM 8mM 5mM 5mM lOmM lOmM 2m,MMgS04 8mM 2mMMgS04 

30mMKCI lOm,MDIT 50m,MNaCl SOm,MNaCl lOmMKCl lOmMDIT lOmMKCl 
10 mM (NH.t)7S04 10 mM (Nl-4)2504 
0.1% Triron X-100 0.1% Triton X-100 
0.1 mg/mL BSA 

Incubation 

Tempenture (0 0 37 37 37 37 65 68 75 74 72 

Units 1.3 1.9 1.0 1.3 0.1 0.3 0.1 0.3 0.1 

Ml3mp19-Templ. 

[dATPJ (µM) 40 N/D N/D 10 1 25 N/D N/D N/D 
[dCTP)(µM) 40 N/D N/D 10 l 25 N/D N/D N/D 
[dGTPJ(µM) 40 N/D N/D 10 1 25 N/D N/D N/D 
fdTTPJ(µM) 40 N/D N/D 20 1 2.5 N/D N/D N/D 
[ddATP) (l'M) 2 N/D N/D 0.25 10 150 N/D N/D N/D 
[ddCTPJ (µM) 2 N/D N/D 0.25 10 75 N/D N/D N/D 
fddGTPJ (µM) 2 N/D N/D 0.25 10 15 N/D N/D N/D 
[ddTIPJ (µM) 2 N/D N/D 0.5 10 lSO N/D N/D N/D 

Ollgo-Templ. 

[dATP)(µM) 0.5 2.5 0.5 2.5 0.025 0.25 2.5 0.5 0.5 
[dCTPJ(µM) 0.5 2.5 0.5 2.5 0.025 0.25 2.5 2.5 0.5 
[dTTP)(µM) 2.5 2.5 0.5 2.5 0.025 0.25 2.5 0.5 0.5 
[ddA TP) (AM) 2.5 250 0.05 2.5 0.25 25 J/T 125 125 
(ddGTP) (AM) 0.5 250 0.05 2.5 0.25 0.25 J/T 25 25 
(ddTTP] {µM) 5 5 0.5 2.5 2.5 25 l/T 100 100 

N/D means the assay conditions were not determined and I/T means ddNTP termination was incomplete. 
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(4-nitrobenzoyl)-dATP [6]. The yield was reduced in that case 
to 57% due probably to a rearrangement of the 4-nitrobenzoyl 
group from the 3'-position to the 5'-position (data not shown). 
The phosphorylation yields of compounds [1]-[4} and [6J-[8J 
ranged from 25% to 40%. Thymidine analogs including 3'-0-
methyl-dTTP [8), however, had to be handled more cautiously 
since they were more rapidly degraded by tributylammonium 
pyrophosphate than were the adenosine analogs. 

The 3'-modified-dNTPs were further purified by RP-HPLC 
to 2:: 99% prior to the polymerase assay. Each nucleotide 
synthesis initially contained several major peaks that were 
individually tested in the Oligo-template assay to determine the 
active species. In general, the adenosine analogs contained both 
the natural dATP and 3'-modified-dATP. 

Termination assays 
A series of polymerases were chosen to test the candidate 
3'-modified terminators, based on their broad template 
specificities and their commercial availability. The conditions for 
screening compounds [1]-[8] using each enzyme were first 
defined by a series of control polymerization experiments. For 
the Ml3mp19-template assay, a range of dNTP and ddNTP 
concentrations was identified that gave a clear sequencing ladder. 
Each test gel subsequently contained constant dNTP/ddNTP ratios 
in control lanes for three bases, while the concentrations of the 
test compound and its corresponding ddNTP were varied. 

The Oligo-template assay was also standardized before testing 
each 3'-modified-dNTP for termination. The synthetic template 
contained all four bases to allow for the incorporation of the 
remaining natural nucleotides, so that other aspects of the enzyme 
performance could be identified. We found that all the 
polymerases misincorporated other dNTPs in the absence of the 
complement dNTP, and this nucleotide readthrough was 
concentration dependent. Thus, minimum dNTP concentrations 
that gave efficient incorporation, but no apparent misincorporation 
were first defined in this assay. These dNTP concentrations were 
then used to determine the minimum ddNTP concentration that 
yielded complete termination. Pfu (exo-) DNA polymerase was 
excluded from the Oligo-template assay since a ddNTP 
concentration that yielded complete termination for this enzyme 
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could not be identified. In each of the Oligo-template gels, the 
reactions contained all the required nucleotides except the natural 
nucleotide corresponding to the analog tested. The samples 
routinely used in this assay were a blank control (absence of 
corresponding dNTP or ddNTP), a titration of the corresponding 
ddNTP, a readthrough control (presence of corresponding 
dNTP), and a titration of the corresponding 3 '-modified-dNTP. 

Terminator screen 
Table 2 summarizes the data from the enzymatic screen of 
compounds [1] -[8]. Three main classes of activity were defined: 
termination, inhibition, and inactive. Termination was apparent 
when the reaction containing the test compound mimicked the 
migration pattern of the ddNTP control. Inhibition was revealed 
when the presence of the test compound prevented the polymerase 
from incorporating the natural nucleotides. No activity was 
recorded when the 3' -modified-dNTPs mimicked either the blank 
or readthrough controls. In addition, a fourth effect related to 
an alteration in enzymatic fidelity is discussed below. Compounds 
[1], [8], and [7] showed specific termination and were further 
evaluated with respect to their concentration dependent effects. 

3'-0-methyl-dATP [1] incorporation 

The M13mp19-template assay in Figure 3A shows the 
incorporation of 3'-0-methyl-dATP [l] by AMV-RT. The 
termination of DNA synthesis by 3'-0-methyl-dATP [1] mimics 
the ddA TP controls in a concentration dependent manner, 
although each band appears to migrate slightly slower. From the 
comparison of termination band intensities, it can be estimated 
that 3'-0-methyl-dATP [l] is approximately 200 to 250-fold less 
efficiently ineorporated by AMV-RT than ddATP (compare lanes 
6 and 8: 5 mM and 1 mM, respectively). In Figure 3B, the Oligo­
template gel also shows the incorporation of3'-0-methyl-dATP 
[l] by AMV-RT. In addition to termination, some readthrough 
was also observed due to the presence of contaminating dA TP. 
All RP-HPLC purified 3'-modified-dATPs (compounds [l]-[7]) 
showed approximately 1 % dA TP contamination, and these trace 
levels could not be removed by subsequent RP-HPLC. 

3'-0-Methyl-dATP [1] was also incorporated by M-MuLV­
RT and inhibited DNA syntheses by rTth and VentR® (exo-) 

Table 2. Activity matrix of RP-HPLC purified 3'-protecting dNTPs challenged against commercially available polymerases 

3'- TP AMV-RT M-MuLV-RT iuenow Sequenase"" BstDNA AmpliTaq® Vent:R(exo-)"" rTt/IDNA 
(except compound [8)) fragment polymerase DNA DNA polymerase 

polymerase polymerase 

(lJ 0-methyl Termination Termination• - - - - Inhibition Inhibition• 

[2JO-acyl - - - - - Inhibition -

(3]0-allyl - - - - - Termination• -

[4) 0-tetrahydropyran - - - - - - -

(5] 0-(4-nitrobenzoyl) - - - - - - - -

[6] 0-(2-aminobenzoyl) - - - - - - - -

(7] 0-(2-nitrobenzyl) - - - Inhibition Termination Termination• Termination• -

[SJ 3'-0-methyl-dTIP - Inhibition Inhibition Termination Termination Termination Termination 

All compounds were assayed at a final concentration of 250 µM according to the conditions specified in Table l. ' - ' means 
no activity was detected, 'Termination' means that the termination bands mimic ddNTP termination bands, and 'Inhibition' 
means the rate of DNA synthesis is reduced in a nonspecific manner. '*'means the activity was incomplete at a final concentration 
of 250 µM. 
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Figure 3. Incorporation of 3'-0-methyl-dATP by AMV-RT. (A) 
M13mpl9-template assay: In addition to the conditions specified in Table 1, lane 
1 contained no ddNTPs, and lanes 2-5 contained ddTTP, ddGTP, ddCTP, and 
ddATP, respectively. Lanes 6 and 7 contained 5 µM and 10 µM of ddATP, 
respectively. Lanes 8-10 contained I mM, 5 mM, or 10 mM of 3'-0-methyl­
dATP, respectively. (B) Conditions for the AMV-RT Oligo-template assay were 
used where lanes I and 6 contained no dNTPs or ddNTPs. Lanes 2-5 contained 
dATP, dCTP and ddGTP. In addition, lane 3 contained ddTTP, lane 4 contained 
dTTP, and lane 5 contained 500 µM of 3' -0-methyl-dTTP. Lanes 7 -14 contained 
dCTP, dTTP and ddGTP. In addition, lane 8-10 contained 0.1 µM, 0.5 µM, 
and 2.5 µM of ddATP; lane 11 contained dATP; and lanes 12-14 contained 
10 µM, 50 µM, and 250 µM of 3'-0-methyl-dATP. 

DNA polymerases. In the M-MuLV-RT Oligo-template assay, 
we observed a batch-to-batch difference in assaying both 3 '-0-
methyl-dA TP [l] and 3'-0-acyl-dATP [2], (data not shown). 
While, the ddNTP controls gave similar results in both M-MuLV­
RT batch assays, 3'-0-methyl-dATP [1] showed minor 
termination, and both 3'-0-dATP analogs ([1] and [2]) showed 
partial inhibition of DNA synthesis in M-MuLV-RT batch 1. In 
contrast, 3'-0-methyl-dATP [l] showed significant termination 
of DNA synthesis, and both 3'-0-dATP analogs ([l] and [2]) 
showed significant readthrough in M-MuLV-RT batch 2. This 
observation illustrates the importance of assaying candidate 
compounds with multiple enzyme batches. 

3' -0-methyl-dTTP [8] incorporation 

Unlike 3'-0-methyl-dATP [1], 3'-0-methyl-dTTP [8] was not 
incorporated by AMV-RT, (Figure 3B). A similar result was 

obtained by using the AMV-RT Ml3mp19-template assay (data 
not shown). However, 3'-0-methyl-dTTP [8] was efficiently 
incorporated by AmpliTaq® DNA polymerase in the 
M 13mp 19-template assay, and the termination pattern mimicked 
the ddTTP DNA ladders in a concentration dependent manner, 
(Figure 4A). Additional bands, however, were observed in the 
3'-0-methyl-dTTP [8] ladders that were generated by both 
AmpliTaq® DNA polymerase (see arrows) and Bst DNA 
polymerase (data not shown) assays. The position of these 
additional bands corresponded to ddA TP termination bands 
suggesting misincorporation of the thymidine analog in place of 
the deoxyadenosine analog. The efficiency of incorporation 
relative to ddTTP was, therefore, not determined in the 
Ml3mpl9-template assays because of the additional bands. 

Figure 4B shows the results of challenging 3 '-0-methyl-dTIP 
[8] against four thermostable DNA polymerases in the Oligo­
template assay. 3'-0-Methyl-dTTP [8] terminates all four 
polymerases in a concentration dependent manner. From the 
comparison of band intensities of 3 '-0-methyl-dTTP [8] to ddTTP 
termination products, it can be estimated that 3'-0-methyl-dTIP 
[8] is approximately SO-fold less efficiently incorporated by Bst 
DNA polymerase than ddTTP, 20-fold less efficiently 
incorporated by AmpliTaq® DNA polymerase than ddTTP, 
2-fold less efficiently incorporated by rTth DNA polymerase than 
ddTTP, and 10-fold less efficiently incorporated by VentR® 
(exo-) DNA polymerase than ddTIP. 

Further investigation of a different nucleotide composition in 
the Oligo-template assay revealed altered base specificity of3'-0-
methyl-dTTP [8]. In the absence of dATP, 3'-0-merwl-dTTP 
[SJ was incorporated by both Bst and AmpliTaq DNA 
polymerases, and the termination bands mimicked the ddATP 
controls, (Figure 4C). It is noteworthy that in addition to 3' -0-
methyl-dTTP [8] incorporation in Figure 4C, significant levels 
of readthrough were observed. Since the Oligo-template assay 
was performed in the absence of a deoxyadenosine analog, the 
readthrough must reflect the misincorporation of dNTPs in the 
noncomplement base position. This result suggests that 3'-0-
methyl-dTTP [8] alters the base specific properties of DNA 
polymerases, not only in its incorporation, but in the incorporation 
of other natural nucleotides present in the reaction. This result 
also highlights the importance of the precise conditions of 
incorporation assays. 

3'-0-(2-nitrobenzyl)-dATP [7] incorporation by Bst DNA 
polymerase 

3'-0-(2-Nitrobenzyl)-dATP [7] terminated Bst DNA synthesis 
in a base specific manner. In the Bst Ml3mpl9-template assay, 
however, the termination did not correspond to any of the ddNTP 
controls, (Figure SA). This result made it difficult to assign a 
specific mode of action to 3 '-0-(2-nitrobenzyl)-dA TP [7]. The 
assignment was resolved using the biotinylated Oligo-template 
assay that gave strong evidence for termination. As shown in 
Figure SB, 3'-0-(2-nitrobenzyl)-dATP [7] terminates Bst DNA 
synthesis where the DNA fragment migrates slower than the 
ddATP control, (compare lanes 3 and 7). 3'-0-(2-Nitrobenzyl)­
dA TP [7] is a UV sensitive compound that undergoes an 
intramolecular rearrangement by irradiation to give dA TP and 
nitrosobenzaldehyde (22). Following UV exposure, the DNA 
termination fragment migrated at the same rate as the ddA TP 
control, (compare lanes 3 and 8). This observation suggests that 
the 2-nitrobenzyl group can significantly alter the mobility of 
DNA in the gel and may provide a possible reason for the 
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Figure 4. Incorporation of 3'-0-methyl-dTTP by Bst, AmpliTaq® , rTth , and 
VentR® (exo-) DNA polymerases. (A) MI3mpl9-template assay (AmpliTaq® ): 
Enzymatic conditions in Table I were used where lane I contained no ddNTPs, 
and lanes 2-5 contained ddA TP, ddCTP, ddGTP, and dd1TP, respectively. Lanes 
6 and 7 contained 450 µMand 750 of µM ddTTP,.respectively. Lanes 8-10 
contained I mM, 2.5 mM, or 5 mM of3'-0-methyl-d1TP, respectively. Arrows 
correspond to termination bands that are observed in the ddA TP control (compare 
lanes 2 with 8-10). (B) Conditions for the Oligo-template assay were used for 
Bst, AmpliTaq® , rTth , and VentR® (exo-) DNA polymerases. Lane 1 
contained no dNTPs or ddNTPs. Lanes 2-7 contained dA TP, dCTP and ddGTP. 
In addition, lanes 3-5 contained (Bst) O.l µM, 0.5 µMand 2.5 ttM ddTTP; 
(AmpliTaq®) l.O µM, 5.0 µMand 25 µM ddTTP; (rTth) and (VentR® (exo-)) 
4 µM, 20 ttM, and 100 µM ddTTP, respectively; lane 6 contained dTTP; and 
lanes 7-9 contained (Bst) 4 ttM, 20 µM, and 100 /LM of3'-0-methyl-dTTP; 
(AmpliTaq® ), (rTth }, and (VentR® (exo-)) 20 µM, 100 µM, and 500 ttM of 
3'-0-methyl-dTTP, respectively. (C) Oligo-template assay (Bst, and AmpliTaq® 
DNA polymerases): Lane l contained no dNTPs or ddNTPs. Lanes 2-9 contained 
dCTP, dTTP and ddGTP. In addition, lanes 3-5 contained (Bst) 0.01 ttM, 0.05 
µM, and 0,25 µM of ddATP and (AmpliTaq®) 0.1 ,,M, 0.5 µM, and 2.5 ttM 
of ddATP, respectively; lane 6 contained dATP; and lanes 7-9 contained (Bst 
) and (AmpliTaq®) 20 µM, 100 µM, and 500 µM of 3'-0-methyl-dTTP, 
respectively. 

complicated pattern observed in the Ml3mpl9-template assay. 
However, after exposing the DNA fragments to UV, a complex 
pattern was still observed in the Ml3mpl9-template assay (data 
not shown). 

The biotinylated Oligo-template assay was used to examine the 
reinitiation of DNA synthesis after 3'-0-(2-nitrobenzyl)-dATP 
[7] incorporation and UV deprotection. Following 3 '-0-
(2-nitrobenzyl)-dA TP [7] termination, the solid-phase bound 
template was thoroughly washed and exposed to UV for 10 min. 
All the nucleotides required for the reinitiation of Bst DNA 
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synthesis were then added in the absence of a deoxyadenosine 
analog. DNA synthesis clearly continues subsequent to 3'-0-
(2-nitrobenzyl)-dA TP [7] incorporation and UV deprotection, 
(Figure SC). 

DISCUSSION 

In this study, the behavior of a series of novel nucleotide analogs 
was evaluated. Two different template tests were developed using 
various nucleotide compositions to assay the 3'-modified-dNTPs 
for incorporation by a variety of polymerases. Three compounds, 
3'-0-methyl-dATP [l], 3'-0-methyl-dTTP [8], and 3'-0-
(2-nitrobenzyl)-dATP [7], proved to be interesting DNA synthesis 
terminators. In Sanger sequencing, the 3'-0-methyl analogs 
generated clean terminating ladders, thus demonstrating their 
possible role as alternative terminators to ddNTPs. One of the 
labile nucleotide analogs, 3 '-0-(2-nitrobenzyl)-dA TP [7] was 
incorporated by Bst DNA polymerase. Subsequent removal of 
the 2-nitrobenzyl group and the reinitiation of DNA synthesis 
were used to demonstrate one complete cycle in BASS DNA 
sequencing. 

Some notable correlations were observed between the structure 
of the 3 '-modified-dNTPs and the specificity of enzymatic 
incorporation. First, the protecting groups containing ether 
linkages at the 3'-position, compounds [l], [3], [4], [7], and [8] 
were incorporated by some of the polymerases. 'Vith the 
exception of inhibition of VentR® (exo-) DNA synthesis by 
3'-0-acyl-dATP [2], those substrates containing ester linkages 
at the 3'-position, i.e., compounds [2], [SJ, and [6], were not 
accepted for any of the polymerases examined here. A 
comparison of compounds [SJ and [6] with [7] illustrates this 
point. Both 3'-0-benzoyl-dATPs [S] and [6] were determined 
to be inactive in all the polymerase assays, whereas the 3 '-0-
(2-nitrobenzyl)-dATP [7] was incorporated by Bst, AmpliTaq®, 
and VentR® exo-) DNA polymerases and inhibited 
Sequenase® DNA synthesis. Second, no consistent activity 
pattern between the polymerases and the analogs could be 
discerned. However, the incorporation of3'-0-methyl-dATP [l] 
and of 3'-0-methyl-dTTP [8] was favored by reverse 
transcriptases and by thermostable DNA polymerases, 
respectively. 

The data presented here are consistent with previous reports 
(1,3-9,11). A number of other 3'-modified-dNTPs have been 
synthesized and tested by various incorporation assays. Some 
examples from this nucleotide set include the 3'-0-methyl (5-7), 
3'-amino (3), 3'-azido (1,6), 3'-chloro (8), 3'-fluoro (4), and 
3'-mercapto (11) nucleoside-5'-triphosphates. The compounds in 
this study, with the exception of 3' -0-methyl-dA TP [1], represent 
novel 3'-modified-dNTPs. The activity of 3'-0-methyl-dATP [1] 
has previously been shown to be incorporated by AMV-RT (4,6) 
and was shown to be inactive using Klenow fragment (5). We 
have expanded the list of polymerases to include those enzymes 
developed for DNA sequencing purposes (23-26). 

The assay conditions are important determinants for evaluating 
the combined behavior of enzymes and 3 '-modified-dNTPs. 
Here, two different template assays were used to enhance the 
chances of detecting enzymatic activity. Typically in the past, 
either a 'short' or a 'long' template assay has been used to monitor 
nucleotide incorporation (23 - 27) and misincorporation (28-30), 
and it is not clear that either template assay mimics the natural 
environment of DNA replication more than the other (31). In 
addition to patterns of termination, the sensitivity of these assays 
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Figure 5. Incorporation of 3 '-0-(2-nitrobenzyl)-dA TP by Bst DNA polymerase. 
(A) Ml3mp19-template: In addition to the conditions specified in Table 1, lane 
l contained no ddNTPs, and lanes 2-5 contained ddTTP, ddGTP, ddCTP, and, 
ddATP, respectively. Lanes 6 and 7 contained 25 µMand 50 µM of ddATP, 
respectively. Lanes 8-10 contained 0.25 mM, 0.5 mM, or l mM of 3'-0-
(2-nitrobenzyl)-dATP, respectively. (B) Bst Biotinylated Oligo-template assay 
conditions specified in Table 1 were used. Lane 1 contained no dNTPs or ddNTPs. 
Lanes 2-8 contained 0.05 µM of dCTP and 2.5 µM ddGTP. In addition, Jane 
3 contained 0.05 µM of dTTP and 5 µM of ddATP, Jane 4 contained 0.05 µM 
of dATP, Janes 5 contained 0.05 µM of dATP and 50 µM of ddTTP, Jane 6 
contained 0.05 µM of dATP and dTTP. Lanes 7 and 8 contained 0.05 µM of 
dTTP and 250 µM of 3'-0-(2-nitrobenzyl)-dATP. Lane 8 was exposed to UV 
for 10 minutes. (C) The reactions conditions for lanes l - 8 are equivalent to 
(B) except for lane 8. Following UV deprot:ection, the reinitiation reaction were 
performed under the conditions specified in Table l and 0.05 µM of dCTP and 
dTTP and 2.5 µM ddGTP. 

revealed isolated cases of DNA synthesis inhibition. The mode 
of inhibition is potentially of biological significance and is worthy 
of further investigation. 

The short and long template assays employed in this study were 
tested either in the absence or in the presence of its competing 
dNTP, respectively. Each template assay, therefore, generated 
additional information not provided by the other. The Oligo­
template assay was particularly useful for examining the 
incorporation of 3 '-modified-dNTPs at reduced concentrations 
and revealed the presence of natural nucleotide contamination 

in the RP-HPLC purified 3'-modified-dNTP solutions. The 
Ml3mpl9-template assay revealed the reduction of enzymatic 
fidelity in the incorporation of 3'-0-methyl-dTTP [SJ by the 
thermostable DNA polymerases which was subsequently 
confirmed in the Oligo-template assay. These observations were 
possible because the assays were performed by varying the 
nucleotide composition and were not dependent of the length of 
the template. 

The 3'-modified-dNTPs synthesized here were tested in a 
Sanger-type DNA sequencing scheme as alternative chain 
terminators. The 3 '-0-methyl analogs best fit this class of dideoxy 
sequencing terminators because they generated clean sequencing 
ladders. In comparison to the ddNTPs that terminate the syntheses 
of DNA polymerases, both 3'-0-methyl-dATP [1] and 3'-0-
methyl-dTTP [S] were less efficiently incorporated by these 
enzymes. The incorporation efficiency of the 3'-0-methyl analogs 
relative to their ddNTP analogs was variable and dependent upon 
the enzyme examined. For instance, the incorporation efficiency 
3'-0-methyl-dTTP [8] ranged from 50-fold less for Bst DNA 
polymerase to 2-fold less for rTth DNA polymerase relative to 
ddTTP. 

Several unexpected results were observed in the use of the 
3'-0-methyl-dNTPs as terminators in DNA sequencing. First, 
the 3'-0-methyl-dTTP [SJ reduced enzyme fidelity. Also, we 
have not identified a polymerase that will incorporate both 3'-0-
methyl-dATP [1] and 3'-0-methyl-dTTP [S]. These problems 
could be resolved by increasing the concentration of dA TP in 
the former case to titrate away artifact termination bands and by 
testing more polymerases in the latter case. This issue, however, 
could also be resolved by substituting 2'-deoxy-3'-0-methyl­
uracil-5'-triphosphate (3 '-0-methyl-dUTP) for 3 '-0-methyl-dTTP 
[8]. Kutateladze et al. have shown the incorporation of 3'-0-
methyl-dATP, 3'-0-methyl-dCTP, 3'-0-methyl-dGTP, and 3'-0-
methyl-dUTP by AMV-RT in a base specific manner (7). The 
use of these 3'-0-methyl terminators, however, has not been 
exploited in DNA sequencing strategies. We have synthesized 
the 3 '-0-methyl-dUTP, and we are currently evaluating its 
activity with AMV-RT in the Ml3mp19-template assay. The 
eventual utility of the 3'-0-methyl terminators in Sanger 
sequencing and whether these novel terminators can eliminate 
artifacts such as gel compression remains to be determined. 

The base specific incorporation of a labile terminator, the 
efficient removal of its 3 '-protecting group, and the reinitiation 
of DNA synthesis demonstrate a one-cycle example of BASS. 
3'-0-(2-Nitrobenzyl)-dATP [7] is a UV sensitive compound that 
decomposes to dA TP, and both the incorporation and deprotection 
characteristics of this nucleotide analog made it an ideal 
compound to test the feasibility of this system. Here, it has been 
shown that 3'-0-(2-nitrobenzyl)-dATP [7} terminates Bst DNA 
synthesis in a base specific manner, and that following 
incorporation into DNA, the 2-nitrobenzyl group can be 
efficiently removed by UV. This UV deprotection was 
demonstrated by a band shifting pattern of the terminated reaction 
that mimicked the ddA TP control and by the reinitiation of DNA 
synthesis in the Oligo-template assay, (Figures SB and 5C, 
respectively). The band shifting experiment was crucial in 
demonstrating base specificity in that it discriminates between 
true incorporation of the nucleotide analog and nonspecific 
termination followed by incorporation of the natural, 
contaminating dNTP that we and others (7) have observed in the 
synthesis of 3 '-modified-dNTPs. · 
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Identification of a labile terminator sets the stage in the 
development of BASS. Investigations into the efficiencies of each 
step are required to further develop this strategy into a working 
model. \Ve are currently evaluating both different base analogs 
containing the 2-nitrobenzyl protecting group and 3 '-0-
fluorescently labeled dNTPs for enzymatic activity. Efforts into 
high-density solid support technologies and quantitative imaging 
systems are also being pursued to integrate BASS into a feasible 
alternative to Sanger sequencing. 
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ABSTRACT 

The Human Genome Project has facilitated the 
sequencing of many species, yet the current 
Sanger method is too expensive, labor intensive 
and time consuming to accomplish medical rese­
quencing of human genomes en masse. Of the 
'next-generation' technologies, cyclic reversible 
termination (CRT) is a promising method with the 
goal of producing accurate sequence information at 
a fraction of the cost and effort. The foundation of 
this approach is the reversible terminator (RT), its 
chemical and biological properties of which directly 
impact the performance of the sequencing technol­
ogy. Here, we have discovered a novel paradigm in 
RT chemisby, the attachment of a photocleavable, 
2-nitrobenzyi group to the J\16-position of 2'-deoxy­
adenosine triphosphate (dA TP), which, upon incor­
poratio~ terminates DNA synthesis. The 3'-0H 
group of the N6-(2-nitrobenzyl)-dATP remains 
unblocked, providing favorable incorporation and 
termination properties for several commercially 
available DNA polymerases while maintaining good 
discrimination against mismatch incorporations. 
Upon removal of the 2-nitrobenzyl group with UV 
light, the natural nucleotide is restored without 
molecular scarring. A five-base experiment, illus­
trating the exquisite, stepwise addition through a 
homopolymer repeat, demonstrates the applicability 
of the N6-(2-nitrobenzyl)-dATP as an ideal RT for. 
CRT sequencing. 

INTRODUCTION 

Next-generation technologies are being developed to 
advance sequencing to the $100 000, and eventuaUy the 

$1000 genome. A number of strategies, albeit at different 
stages of development, have been proposed including 
pyrosequencing, sequencing-by-ligation (SBL), cyclic 
reversible termination (CRT), real-time sequencing and 
nanopore sequencing (l-6). CRT is a promising approach, 
which is comprised of a three-step process of incorporat­
ing modified nucleotides, fluorescence imaging and 
deprotecting after which the cycle begins again (5,6). 
CRT reactions can be performed in a high-density format 
using single-molecule arrays (3) or oligonucleotide arrays 
(5, 7), eliminating the requirement for gel electrophoresis 
while significantly increasing sequence throughput. At the 
center of this technology is the reversible terminator {RT), 
whereby DNA polymerases exhibit specific and efficient 
incorporation of the modified nucleotide into the growing 
primer strand, with deprotection chemistries resulting in 
the efficient removal of the terminating group. 

To date, known RTs have contained labile blocking 
groups at the 3' -0H of the ribose sugar resulting 
in tennination of synthesis (7-11). In 1994, Metzker 
et al. reported the synthesis of 3'-0-(2-nitrobenzyl)-
2'-deoxyadenosine and incorporation of its triphosphate 
by several DNA polymerases (8). The 2-nitrobenzyl group 
and its derivatives are widely used as pho~ocleavable, 
'caging' functionalities for altering nonnal biomolecular 
processes (12). Recently, we discovered that the reported 
synthesis of 3'-0-(2-nitrobenzyl)-2'-deoxyadenosine Ia 
[designated as compound 7 in Metzker et al. (8)] 
was incorrect, and that the actual product obtained from 
the reaction of 2'~deoxyadenosine with 2-nitrobenzyl 
bromide using NaH in DMF is N',N'-bis-(2-nitro­
benzyl)-2'-deoxyadenosine Ila (Scheme 1). To investigate 
whether the 31-0-aJkylated compound could act as a 
terminator of DNA synthesis and confirm the identity of 
the active triphosphate reported by Metzker et al. (8). we 
synthesized and characterized 3'-0-(2-nitrobenzyl)-
2'-deoxyadenosine analogs Ia-le and N',Pl6-bis-(2-nitro­
benzyl)-2'-deoxyadenosine analogs Ila-Ile (Figure 1), 
both of which le and Ile triphosphates proved inactive 
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Sclieme I. Correct structure of the product obtained from the reaction of 2'-deoxyadenosine with 2-nitrobenzyl bromide using NaH/DMF 
conditions. The reported compound 7 in reference (8) was misassigned as the structure Ia. 
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Figure 1. Structures ~f 3'-0-alkylate<f and N6-alkylated 2'-deoxyadenosine analogs. 

by DNA polymerase incorporation assays. This finding 
led to the synthesis and characterization of a third set of 
.N6-(2-nitrobenzyl)-2'-deoxyadenosine analogs ma-me 
(Figure I), of which compound IIlb was originally 
identified by us as an intermediate during the ultraviolet 
{UV) light-induced deprotection of compound Ilb to its 
corresponding parent analog. Here, we report that the 
active triphosphate described by Metzker et al. (8) is 
actually the N'-(2-nitrobenzyl)-dATP me, representing a 
novel, 3'-unblocked terminator of DNA synthesis and an 
ideal candidate as a RT for the CRT approach. 

MATERIALS AND METHODS 

Reagents and materials 

Chemical reagents and solvents were purchased from Alfa 
Aesar, Sigma-Aldrich, or EM Sciences. Oligonucleotides 
were purchased from Integrated DNA Technologies. 
2'-Deoxyadenosine triphosphate (dATP), 2',3'-dideoxy­
adenosine triphosphate ( ddA TP) and Q Sepharose Fast 
Flow anion-exchange resin were purchased from GE 
Healthcare Life Sciences. All DNA polymerases and 
apyrase were purchased from New England Biolabs, 
with the exception of AmpliTaqFS being purchased 

from Applied Biosystems (AB). Analytical silica gel 60 
F254 TLC plates were purchased from Whatman, and 
silica gel 60 (230-400 mesh) was purchased from EM 
Sciences. 

Nucleosides and nucleotides synthesis 

Complete experimental procedures describing synthesis of 
the compounds used in this work are available in the 
Supplementary Data. 

UV deprotection studies for compounds lb, Ilb and IIIb 

5' -0-tert-butyldimethylsilyl (TBS) derivatives lb, Ilb and 
Ilib in methanol (0.2ml, 1 mM) were transferred to a 
Wheaton scintillation vial and irradiated with a 0.5mW 
transilluminator light source at either 302 or 365 run. 
Aliquots of the irradiated solution were taken at different 
time intervals and analyzed for the loss of starting 
material and appearance of the deprotected product by 
reverse-phase (RP) HPLC. Deprotection half-life times 
(DT 112) were determined from kinetic plots at which 50% 
of the compound was deprotected (i.e. loss of the 
2-nitrobenzyl group). UV deprotection experiments were 
performed in triplicate for each compound. 
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Oligonucleotide template assay 

As described for the polymerase end-point (PEP) assays, 
compounds le, Ile and me were tested for incorpo­
ration with Bst DNA polymerase at concentrations 
of 200nM and lOOµM using the BODIPY-R6G labeled 
primer-I (5'-ITGTAAAACGACGGCCAGT) (13) and 
oligoTemplate-1 (5'-T ACGGAGCAG I I I I I ACTGGC 
CGTCGITTT ACA, interrogation base is underlined 
and bolded) complex. Reactions were quenched with 
I 0 µI of stop solution and analyzed using an AB model 377 
DNA sequencer. 

PEP assay 

All DNA polymerases (see Supplementary Data for 
definitions) were assayed in 1 x ThermoPol buffer 
(20mM Tris-HCJ, pH 8.8; IOmM (NR;)zS04; lOmM 
KC!; 2mM MgS04 ; 0.1% Triton X-100, New England 
BioLabs). We found that the addition of Triton X-100 
stimulated the activity of many of the enzymes tested (data 
not shown), which is consistent with other reports (14,15). 
For all polymerases evaluated in this study, 5nM 
BODIPY-FL labeled primer-1 was annealed with 40nM 
of oligoTemplate-2 (5'-TACGGAGCAGTACTGGCC 
GTCGITIT ACA, interrogation base is ullderlined and 
bolded) in 1 x ThennoPo1 buffer at BO"C for 30 s, 57"C for 
30 s and then cooled to 4°C. The primer/template complex 
was then diluted in half (i.e. its final concentration was 
2.5 nM in a volume of 10 µI) by the addition of DNA 
polymerase, nucleotide analog and ThennoPol buffer. 
This defines the lower limit of the IC50 value for nucleotide 
titrations to 1.25 nM (i.e. [primer] = [primer plus incor­
porated nucleotide]). Polymerase reactions were incubated 
at their appropriate temperature (Supplementary Table 1) 
for 10 min, then cooled to 4°C and quenched with 10 µ1 
of stop solution (98% deionized fonnamide; lOmM 
Na2EDTA, pH 8.0; 25mg/ml Blue Dextran, MW 
2 000 000). Stopped reactions were heated to 90°C for 
30 s and then placed on ice. The extension products were 
analyzed on a 10% Long Ranger (Cambrex) polyacryl­
amide gel using an AB mode] 377 DNA sequencer, the 
quantitative data of which are displayed as a Jinear-log 
plot of product formation versus compound concentra­
tion. PEP assays were performed in tripJicate, for each 
DNA polymerase/nucleotide analog combination, to 
calculate the average ICso ± 1 SD. 

Compound me and ddA TP were then titrated using the 
PEP assay with the eight DNA polymerases (unit activities 
defined in Supplementary Table 1) in the concentration 
range of either 0.1 nM to 100 nM, I nM to 1 µM, IO nM to 
IOµM or IOOnM to IOOµM. Average IC50 ± 1 SD values 
were calculated for compound me and ddATP using 
oligoTemplate-2 as described above. 

PEP termination assays for compound me 
OligoTemplate-2 was substituted with 40 nM of 
oligoTemplate-3 (5'-CCGI 11 I I Ill l IACTGGCCGT 
CGTTTTACAGCCGCCGCCGCCGAACCGAGAC­
Biotin, interrogation bases are underlined and bolded), 
annealed to 5nM BODIPY-FL labeled primer-I and 
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assayed as described above. The PEP titrations were then 
performed at 1 x, 5x and 25x JC50 values for compound 
me, using the eight DNA polymerases, and reported as % 
primer product,% first-base product and % second-base 
product. 

PEP mismatch assays for compound me 

OligoTemplate-2 was substituted with either 40nM of 
oligoTemplate-4 (51-T ACGGAGCTGAACTGGCCGTC 
GTTTTACA), 40nM of oligoTemj)iate-5 (5'-TACG 
GAGCAG~ACTGGCCGTCGITITACA) or 40nM of 
oligoTemplate-6 (5'-T ACGGAGCAGGACTGGCCGT 
CGTT'ITACA, interrogation bases areunderlined and 
bolded), annealed to 5nM BODIPY-FL labeled primer-I, 
and assayed as described above. Compound me and 
dA TP were assayed in the concentration range of 100 nM 
to 100 µM, and ddATP in the range of 500 nM to 500 µM. 
Average IC50 ± I SD values were calculated for dATP and 
compound me using oligoTemplate-4, -5 and -6, as 
described above. 

UV deprotection studies.for compound Ille incorporated 
into the primer /template complex 

As described for the PEP assays, compound me was 
incorporated at a concentration of 100 nM, using the 
BODIPY-FL labeled primer-1/oligoTemplate-2 complex, 
and quenched with 10 µl of stop solution. The stopped 
reactions were exposed to 365nm light for 0, 10, 20, 30, 45 
or 60 s, using our custom-designed UV deprotector 
(Supplementary Figure 1), then analyzed using an AB 
model 377 DNA sequencer. The quantitative data are 
displayed as a linear-log plot of product formation versus 
time. Deprotection assays were performed in triplicate to 
calculate the average DTt12± 1 SD. 

Five-base sequencing experiment using compound Ilic as 
reversible terminator 

An 80 nM solution of oligoTemplate-3 in 1 M NaCl and 
1 x ThermoPol buffer (final volume: 12.5 µl) was incubated 
for 15 min at room temperature with 5 µ1 of streptavidin­
coated M-270 magnetic Dynabeads (lnvitrogen), which 
had been previously washed three times with 5 µl 1 x 
ThermoPoJ buffer. The oligoTemplate-3 bound beads 
were then washed an additional three times with 5 µl 1 x 
ThermoPol buffer and annealed with 5 µ] 20 nM 
BODIPY-FL labeled primer-2 (5'-GGCGGCGGCG 
GCTGT AAAACGACGGCCAGT) in 1 x ThermoPol 
buffer at 80°C for 30 s, 57°C for 30 s and then cooled to 
4°C. The beads were then washed twice with 5 µJ 1 x 
ThermoPol buffer. 

Incorp_oration step. The BODIPY-FL labeled primer-2/ 
oJigoTemplate-3 complex bound beads were incubated 
with four units of Bst DNA polymerase and 250 nM of 
compound me in 1 x ThermoPol buffer (reaction volume: 
20 µI) at 65°C for 6 min, then placed on ice. Compound 
me-incorporated beads were washed four times with 50 µl 
WIO washing solution (IOmM Tris-HCI, pH 8.0; lOmM 
Na2EDTA; 0.1 % Triton X-100), then once with 20 µI WIO 
washing solution. 
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Deprotection step. The beads were resuspended in 20 µI 
deprotection solution (20% aqueous deionized forma­
mide; lOmM Na2EDTA, pH 8.0; 16.6mg/ml Blue 
Dextran, MW 2 000 000), exposed to 365 nm light for 
9 min (i.e. 3 x 3 min exposures interrupted with a 15-s 
mixing step to ensure good resuspension of the beads) 
using the customized UV deprotector (Supplementary 
Figure 1 ), then washed four times with 50 µl Ix apyrase 
buffer (100 U/l apyrase in Ix ThermoPol), three times 
with 50 µI WI 0 washing solution, twice with 50 µl 1 x 
ThermoPoJ buffer and then once with 20 µI I x ThermoPol 
buffer. 

The entire cycle was then repeated from the incorpora­
tion step. Final reactions were washed twice with 50 µJ 
WIO washing solution, once with 20 µI WlO washing 
solution, quenched with I 0 µI of stop solution, heated to 
50°C for 30 s and placed on ice. The extension products 
were analyzed on a 10% Long Ranger polyacrylamide gel 
using an AB model 377 DNA sequencer. 

Ab initio calculations 

Adenine-thymine and .N6-(2-nitrobenzyl)-adenine-thymine 
base pairs were created with the nucleobases planar to 
each other, using Watson-Crick hydrogen-bond distances 

f •I 3 • 6 4 o 2.82A (N ... H-N) and 2.91 A (N -H ... 0) (16). 
utilizing ChemDraw and Chem3D Ultra 9.0 
software packages (CambridgeSoft). A series of 3D, 
N6-(2-nitrobenzyl)-adenine-thymine base pairs were then 
created by rotating the 2-nitrobenzyl group, pivoted on 
the N6-position of adenine, 360° at 5° intervals, with the 
nitro group at 0°, 30°, 45°, 60° and 90° intervals relative to 
the plane of the phenyl group. Chem3D structures were 
then further optimized using the GAMESS program (I 7). 
Restricted Hartree-Fock (RHF) energy calculations were 
initially determined using the ST0-3G atomic orbital/shell 
data set, and each nitro group conformation (i.e. 0°, 30°, 
45°, 60° or 90° intervals) was plotted as RHF energy 
versus degrees of rotation of the 2-nitrobenzyl group. Our 
calculations revealed that a 45° rotation of the nitro 
group, relative to the plane of the phenyl group, gave the 
lowest RHF energy calculations. The .N6-(2-nitrobenzyl)­
adenine-thymine base-pair conformations were further 
characterized using the more stringent 6-3IG* atomic 
orbital/shell calculations and plotted as RHF energy 
versus degrees of rotation of the 2-nitrobenzyl group 
(data not shown). To evaluate the efficacy of our existing 
software tools, we modeled the· natural adenine-thymine 
J;iase pair and compared our results to those reported by 
Sponer et al. (18,19). Here, we used the 6-31G'"'" atomic 
orbital/shell set, with the X, Y, Z coordinates described 
in Ref. (19) to perform the calculations. Showing · 
good agreement with these reports (Supplementary 
Table 3), this served as an independent validation of our 
method. 

RESULTS 

Nucleosides and nucleotides synthesis 

To synthesize the 3'-0-(2-nitrobenzyl)-2'-deoxyadenosine 
analog Ia, the 5'-hydroxyl and 6-amino groups of 

2'-deoxyadenosine were protected with tert-butyldimethyl­
silyl (TBS) and . tert-butyloxycarbonyl (Boe) groups, 
respectively, to yield intermediate 1, according to Furrer 
and Giese (20). Transformation of this precursor into 
intermediate 2 occurred via deprotection and selective 
reprotection procedures, as outlined in Scheme 2. 
Alkylation of intermediate 2 with 2-nitrobenzyl bromide, 
using phase transfer catalysis under basic conditions, gave 
the desired 3' -0 alkylated intermediate 3 in 91 % yield. 
The bis-Boe groups were removed by heating on silica gel 
under vacuum (20) to give compound lb in 91% yield, 
followed by the removal of the 51-0-TBS group with 
tetra(n-butyl)ammonium fluoride to give compound Ia in 
23% yield. Synthesis of the triphosphate was performed 
using the •one-pot' procedure described by Ludwig (21), 
followed by purification using Q Sepharose FF anion­
exchange chromatography to yield compound le as an 
ammonium salt. 

Treatment of 2'-deoxyadenosine with NaH in DMF 
at 0°C followed by 2-nitrobenzyl bromide gave bis-N6, 
N6-(2-ni tro benzyl)-'l! -deox:yadenosine Ila in 22 % yield 
(Scheme 3). The assignment of the Ila structure was 
based on the 1H NMR spectra (in DMSO-d6), which 
showed a total of eight aromatic hydrogens derived from 
the two 2-nitrobenzyl moieties and two D20-exchangeable 
signals from 3'- and 5'-hydroxyl groups of the 
2'-deoxyribose. Selective 5'-0-TBS protection gave com­
pound Ilb in 57% yield. Phosphorylation of compound 
Ila was performed using the same procedure described for 
compound Ia, with the exception that purification of 
triphosphate Ile was achieved by preparative HPLC. 

N6-(2-Nitrobenzyl}2'-deoxyadenosine Illa was pre­
pared based on the work of Wan et al. (22). Treatment 
of 2'-deoxyinosine with 2-nitrobenzylamine in the pre­
sence of l-H-benzotriazol-1-yloxy-tris(dimethyl:imino) 
phosphonium hexafluorophosphate (BOP) and N, 
N-diisopropylethylamine (DIPEA) in anhydrous DMF 
gave compound ma in 98% yield. Selective 5'-0-TBS 
protection gave compound IIlb in 63% yield (Scheme 4). 
Triphosphate file was prepared from compound Illa 
using the one pot procedure (21) and purified in a manner 
similar to that for triphosphate le. 

Triphosphates le, Ile and me (Figure 1) were further 
purified by preparative RP-HPLC, without UV detection, 
to provide modified triphosphates free from contamina­
tion by dA TP, resulting . from the deprotection of the 
2-nitrobenzyl group under ordinary laboratory light 
conditions during synthesis and purification processes. 

Identification of active nucleoside triphosphate me 
Triphosphates le and Ile were initially tested for base­
specific termination of DNA synthesis using a fiuorescent­
based oligonucleotide template assay. AJl compounds 
were handled in low light conditions to minimize 
2-nitrobenzyl deprotection. A five-base poly-thymidine 
template was employed to test for specific incorporation of 
natural and modified dA TP analogs. As shown in 
Figure 2A, compounds le and Ile did not show significant 
incorporation using Bst DNA polymerase, even at 
high concentrations (100 µM), although compound le 
did exhibit natural nucleotide contamination, even after 
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Scheine 2. Synthesis of 3'-0-(2-nitrobenzyl)-2'-deoxyadenosine analogs Ia-le. (i) TBSCI, imidazole, DMF, room temperature, overnight; Boc20, 
DMAP, DMF, room temperature, overnight, 83%; (ii) n-Bu4NF; THF, 0°C, then gradually warmed to room temperature, 96%; (iii) TBSCI, 
imidazole, DMF, 83%; (iv) n-Bu.;NOH, Nal, NaOH, CH2Cl:JH20, 2-nitrobenzyl bromide, £Oom temperature, 91 %; (v) Si02, high vacuum, 70-80°C, 
24h, 91%; (vi) n-Bu4NF, THF, 0°C, then gradually warmed to room temperature, 23%; (vii) POC13, (MeO);iPO, minus 20°C; (n-Bu3NH)iH2P201, 

n-Bu3N, DMF; l M HNEt3HC03, 31%. 

a second round of RP-HPLC purification was performed. 
The dATP contamination could, however, be substantially 
reduced using the Mop-Up assay (23). Next, we examined 
the rates of UV deprotection for 51-0-TBS analogs lb 
and Ilb, conducted at wavelengths of 302 and 365 run. 
Compound lb exhibited the expected first-order profile 
with deprotection half-life times (DT 112) of 60 and 152 s at 
302 and 365 nm, respectively. The deprotection rate for 
compound IIb was approximately 3-fold faster than that 
of compound lb at both deprotection wavelengths 
(Figure 2B). UV deprotection of compound Ilb, however, 
revealed a transient intermediate before the appearance of 
the 5'-0-TBS-2'-deoxyadenosine product (Figure 2C). We 
suspected, and later confirmed, the identity of the 
intermediate to be the mono N6-(2-nitrobenzyl)-2'-deoxy­
adenosine analog. 

Following synthesis of N6-(2-nitrobenzyl)-dATP file, 
we examined its incorporation using Bst DNA polymerase, 
which showed efficient, base-specific termination of DNA 
synthesis at a final concentration of 200 nM (Figure 2A). 

The 2-nitrobenzyl group was efficiently removed from the 
DNA duplex using a custom built UV deprotector 
(Supplementary Figure 1), evidenced by the band shift 
of the extended dye-primer to the termination position of 
the first thymidine of the oligonucleotide template. 
Examination of the UV deprotection data for compound 
Ilib revealed a first-order reaction with DT112 values of 
46 and 144s at 302 and 365nm, respectively (Figure 2B). 
The UV deprotection data suggest that the attachment of 
a single 2-nitrobenzyl group to either the 31-0 or the 
.N6-aromatic amine position does not significantly alter the 
rate of reaction for UV light-induced cleavage. 

These data help to explain the structure misassignment 
and positive incorporation data presented in the Metzker 
et al. paper (8). Alkylation of adenosine with 2-nitrobenzyl 
bromide using NaH in DMF has been reported to occur 
on either the 2'- or 3'-hydroxyJ group of the ribose ring 
(24), but not on the exo-cyclic amino group of the adenine 
base. Alkylation of 2'-deoxyadenosine under the same 
conditions, however, exclusively gave bis-N6,.N6-alkylated 
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Scheme 3. Synthesis of N6,N6-bir-(2-nitrobenzyl)-2'-deoxyadenosine analogs Ila-Ile. (i) NaH, 2-nitrobenzyl bromide, ~MF, 0°C, 22°/~; (ii) TBSCl, 
imidazole, DMF, 57%; (iii) POCl3, (MeO)~O, minus 20°C; (n-Bu3NH);iH2P207, n-Bu3N, DMF; 1 M HNEt3HC03, yield not detennmed. 
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Scheme 4. Synthesis of N6-(2-nitrobenzyl)-2'-deoxyadenosine analogs ma-me. (i) BOP, DIPEA, 2-nitrobenzyl amine, DMF, room temperature, 
20h, then 50°C 3h, 98%; (ii) TBSCI, imidazole, DMF, 63%; (iii} POCl3, (MeO)~O. minus 20°C; (n-,Bu3NH}2H2P207, n-Bu3N, DMF; l M 
HNEtJl{C03 , 60%. 

compound Ila, albeit in lower yield. Based on the data 
presented here, we now conclude that the structure of 
the a1kylation product reported by Metzker et al. (8) is 
the biS-.N6,.N6-(2-nitrobenzyl)-2'-deoxyadenosine analog 
(Scheme 1 ). The reported termination of the correspond­
ing triphosphate, occurring at a concentration of 250 µM 
[Figure 5 in Metzker et al. (8)], is most likely the result of 
the contamination of minute quantities of triphosphate 
me, derived from triphosphate Ile during its handling 
under ordinary laboratory light conditions. One of the 
minor termination bands observed for compound Ile 
incorporation with Bst DNA polymerase (Figure 2A, 
100 µM lane) reveals the presence of me triphosphate. 
Our data in Figure 2C further support our supposition 
that during UV light-directed deprotection, compound IIb 
is transformed into intermediate IIIb before undergoing 
loss of the second 2-nitrobenzyl group to yield the natural 
nucleotide (Figure 2D). From this investigation, we have 
discovered that the N6-(2-nitrobenzyl)-dATP me is the 
active species of the three triphosphates examined here. 

Compound me is active with a variety of DNA polymerases 

Numerous groups have employed qualitative, Sanger­
based assays to estimate incorporation efficiencies, 

although these methods are not feasible for assaying 
modified analogs in the absence of natural nucleotides 
(8,25,26). This led us to develop a quantitative, PEP assay, 
which could be utilized for high-throughput screening of 
modified nucleotides against commercially available DNA 
polymerases. The PEP assay is designed with a polymerase 
concentration in excess of the primer/template complex, 
thereby limiting the reaction to nucleotide binding and 
coupling steps. The desired nucleotide is then titrated 
across the appropriate concentration range to observe 
extension of a dye-primer by gel electrophoresis. The end­
point concentration, or IC50 value, is the point at which 
the number of moles of substrate equals that of the 
product. The primer/template. complex concentration 
(2.5 nM) defines the lower limit of the IC50 value for nucleo­
tide titrations to 1.25 nM (i.e. [primer] = [primer plus 
incorporated nucleotide]). The number of activity _units 
for eight commercially available DNA polymerases was 
determined by titration with dATP (concentration range 
from 0.1 to JOO nM), with the goal of reaching the PEP 
IC50 limit of 1.25 nM. In general, increasing the number 
of units reduced the IC50 value for dATP towards this limit, 
the exceptions being Therminator and Thenninator II 
(see Supplementary Data for polymerase definitions). 

! 
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Figurc-2. ldcntilkation t>f N6-(2-nitrnben:tyl)-2'·deoxyadeuosine tr:iphosphatc Uk as the active analogue. (A} OHgoTcmplatc ll.'\Say for compounds le, 
Uc and Ille, analyzed on a 377 DNA sequenccc The fimll co1wcncratio11 for ddATP was 5011M. (B) Summary of the UV deprotectfon experiments 
for mm pounds lli, !lb· ant! Illb. {C) ·Time plot of the UV light~inducetl deprotcetion of compound lib at 302 nm. (D) Proposed stepwise 
photodeavage of N'>,1'>f'-bis-{2-nitrobc.uzyl)·2'-deoxyadeno..~ine llb. 

For these enzymes, increasing the number of units 
yielded an increase in IC50 values for dATP. This 
observation was not investigated further. In these 
cases, the number of units used for subsequent PEP 
assays were those yielding the lowest IC50 value for 
dATP (Supplementary Table l, highlighted blue boxes). 

,iV6-{2-Nitrobenzy1)-dATP Ille was tested for base­
specific incorporation using eight polymerases with the 
PEP assay and compared with assay data for dATP and 
ddATP. Compound Ilk was incorporated by all poly­
merases examined, with IC50 values ranging from 2. I nM 
to 2.1 ~tM (Table 1 ). Five of the eight polymerases revealed 
a Jess than 4-fold preference for dA TP over compound 
Ilic, with Thcrminator and Vcnt(exo-) showing the least 
bias of 1:1.3, providing evidence that compound Uk is 

incorporated almost <rn efficiently as dATP itself. In aH 
cases except AmpliTaqFS, compound Ille was preferred 
over ddATP with an incorporation bias range of 
3.8 x 10-3:1 to 0.32:!, respectively. The F667Y mutation 
in AmpliTaqFS has been shown to prefer ddATP over 
dATP, with a ratio of 0.59: l (25), which is in good 
agreement with the ratio of 0.62: I reported in Table I. 

Next, we examined the ability of N°-(2-nitrobenzyl)­
dA TP Ille to terminate DNA synthesis using an 
oligonucleotide template containing a stretch of 10 
thymidinc bases. As expected, Bst DNA polymerase 
extended the growing primer utilizing dATP as a substrate 
in a concentration-dependent manner. At a concentration 
of 25)< its lC:m value, the enzyme completely extended the 
10 thymidine template and partially misincorporated 
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T;ilJ!e L PEP as!iliy results for dATP, compound Uk and ddATP 

DNA polymerase Average !Cx± J SD Incorporation bia;; 

dATP Cpdlllc ddATP Cpd IlkjdATP Cpd Hk]ddATP <ldATP /dA Tf' 

Bst l.2±-0.!nM 21 ±311M 0.37±0.0JiiM l& 0.057 3JO 
Klenow(exo-) l.6±0.l nM 4.3±1.U11M 2'J±5nM 2.7 OJ5 !8 
Taq 5.5±-05nM 2.1 ± 0.21tlvf 12.6±0.9µM 380 O.l7 23@ 
Ampli1'hqFS 5.3±0.lnM 0.89 ±ll,06 JtM 3.3±0.1 nM !70 270 0.62 
Th.cnninator 23±0.3nM 3.1±0.4nM 9.7±UnM L3 0.32 4.2 
Thenninator II 4.4±0.tinM 7.8±0.7nM 023±tHJ3µM l.8 0.034 52 
Vent(cxo-) L6±0.2nM :u±0.2nM 0.55 ±0.04itM 1.3 {l.0038 340 
DceµVenl(cxo-)· 2.8±0.2uM l1.0±0.6nM 3A±OA!tM 3.9 0Jl032 1200 

T 1st Base Cpd Ille 

dATP cpd lite 
IG,;0 : 1.2 nM IC50: 10 nM 

1''ignr<1 J. PEP termiMlion assay comparing dATP with compound Uk 
using fJst DNA poiymer.J:Se. 

dATP against a 'G' template base at the nth base position 
(Figure 3). In contrast, the N6-(2-nitrobenzyl)-dATPHic 
efficiently incorporated and tem1inated Bst DNA synth­
esis at the first-bas~ position up to 25x its IC50 value. The 
difference in elcctrnphoretic mobility of the first-base 
product for dATP and that of compound Ilic is due to the 
Jv<'-anached 2-nilrobenzy! group. 

IC50 values for compound Uk were retitrated using the 
poly(dT) template. In so.me cases, IC~m values differed 
from those in Table l, reflecting DNA sequence context 
effects. PEP termination assays were performed for the 
eight polymerases at l x, Sx and 25x the JC50 vulues 
(Table 2). Three of the four Family A DNA polymerases 
resuited in efficient termination of DNA synthesis at the 
first·bnse position using compound Ulc, while all Family 
B DNA polymerases showed significant, but variable, 
levels of second-base product. Therminator provided 
the most £,xtreme example with r....98.5% of the growing 
primer extended as a second-base product. The majority 

Table 2. PEP tennination n~sul!s for compound Uk 

Polymerase Adjusted IC50 25x !C!-0 
value {nM) -------------

% Primer % lst Base % 2nd Base 

IJ:rt lO -0..9±0.3 99.1±().:i <0.l 
Klenow(exo-) 4,3 17.7 ±2.2 76.l ± l.S 6.2J::3L5 
Taq 300 U±0.4 98.7±0.4 <OJ 
AmpliTaqFS 350 4.S ±-0.9 95.2±0,;J <0.l 
Therminator L8 0.2±0.4 l.3± l.O 98.5±1.3 
Therminator II 3{) !.! ±0.i &:L9±0.9 n.o±Lo 
Vent(exo-) 2.! 0.8±0.3 6&.3±1.6 30.9± L5 
DeepYent(e.xo-) 11 LS±0.7 84.4±0.4 14.l ±LO 

of polymerases extended the primer \Vith an efficiency of 
......,99%. Based upon the desired properties of termination 
at the first-base position and efficient primer extension, Bst 
emerged as a promising CRT polymerase in combination 
with compound me. 
Compound Ille shows good mismatcf1.discriminatfon with 
Bst DNA polymerase 

PEP discrimination assays were then performed to 
evaluate the specificity of N6-(2-nitrobenzy1)-dATP Ille 
against mismatched template bases (i.e. A, C or G). 
Comparing lC50 values of mismatched versus matched 
bases for compound Ilk revealed nucleotide discrimina­
tion of greater than two orders of magnitude (Figure 4A). 
Surprisingly, the cytosine-adenine mismatch revealed the 
highest discrimination rat.io of l 100-fold over the comple­
ment thymidine base, and only slightly less than that for 
dATP (Supplementary Table 2). The ddATP analog did 
not show mismatch incorporation at a final concentration 
of 500~tM (data not shown). These data suggest that 
compound Uk incorporates as a base-specific terminator 
and reveals nucleotide charnctcristics more similar to 
dA TP than those of ddATP, which we attribute to the 
presence of the 3'-0H group. 

The N6--proton of 2--:nilrobenzyl-adcnine base, still 
capable of base pairing, may aid in the specificity observed 
in Figure 4A. To examine this further, we performed 
ab initio calculations for a thyminc-10-(2-ni!robenzyl)" 
adenine base pair. using the Hartrec-Vock method coupled 
with the 6-3 l G'" atomic shell set ( 17). The optimal 
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Figure. 5. (A) Five-base CRT sequencing with J\'~-(2-nilrobenzyl}-dA TP Uk. Lanes; 'P' repre'8ents the dye-primer, 'la-Sa' tepr=nts final 
incorporations of compound Ille at different cycles, and 'lb' represents the first base addition followed by UV deprntection. (B) Histogram plot 
of ihe gd image in Figure 5A repre...~nts the signal intensities of band products. 'T' i~ the percentage of total signal to thut of the dye-primer signal 
{lane P), T is the incorpomtion ellldency, 'D' is tl1e rlepmlection dncieney and 'C is the perccnt:1ge of concct + l product to that of the total signal. 

molecular structure was a nitm group positioned 45" and 
a 2-nitrobenzyl group positioned 80" counterclockwise, 
relative to the aromatic amino group (Figure 4B} 
Hydrogen bond distances were determined to be 2.93 A 
(N1 

••. H--N3) and 2.97 A (N6-H ... 0 4
), which are longer 

than those reported by Watson and Crick (16). A AE of 
-2.68 kcal/mo1 for the modified base pair, however, 
suggests that hydrogen bonding is favorable. Active site 
tightness (27,28) of compound !Uc, involving hydro­
phobic interactions of the 2-nitrnbenzyI with key amino 
acids, may also contribute to the observed enzymatic 
properties. Upon incorporation, these interactions 
may also be involved with misalignment of the 3'-0H 
group, preventing nucleophilic attack by the incoming 
nucleotide, thus terminating DNA synthesis. 

Five-base CRT sequencing with compound lllc 
To test 1V''-(2-nitrobenzyl)-dATP lllc as a RT in CRT 
sequencing, a five-base experiment was performed using 
a biotinylated template containing a poly(dT) stretch 
attached to strcptavidin-coated magnetic beads 
(Figure 5A). For the first cycle, incorporation 'a' and 
deprotection 'h' products are shown in the gel, with 
subsequent cycles showing only incorporation products. 
The data illustrate an advantage over the pyrosequencing 
method (29), namely the stepwise addition through a 
homopolymer repeat. The gel image in Figure 5A was 
an<1lyzed further by quantitaiing the fluorescent bands at 
.tiflerent CRT cycles (Figure SB). During the first cydc, 
lhe product of incorporation efficiency (I: 98.6%) and 
deprotection efficiency (D: 94.0%.) resulted in a cycle 
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efficiency (Cerr) of92.7% on a solid support. The estimated 
~ignal 'S', calculated from the equation [S = (Cetr)RL] (5), 
is 68.4% for the five-base read. At cycle five, the signal for 
the correct + l product is 40% (i.e. T x C), the difference 
of which we attribute to photo bleaching of the dye-primer 
with increasing exposure to the UV light (data not shown). 
Signal loss is also due to dephasing, observed as n - I 
(incomplete deprotection) and n + 1 products (natural 
nucleotide carryover from the previous cycle). While 
ongoing efforts are focused on reducing dephasing 
products, ?:80% of the total signal is derived from the 
correct + 1 product, with base-calling easily performed 
from the primary data in Figure 5A and B. 

DISCUSSION 

We have discovered that the attachment of a small, 
photocleavable 2-nitrobenzyl group to the .N6-position 
of 2'-deoxyadenosine results in this triphosphate acting 
as a RT 'without blocking the 3'-end'. The novel RT 
.N6-(2-nitrobenzyl)-dATP file, provides favorable enzy~ 
matic properties with a variety of wild-type and mutant 
DNA polymerases. This is unlike the situation for 
3' -modified nucleotides, which typica1ly act as poor 
substrates for DNA polymerases. For example, screening 
3' -0-allyl-dA TP with eight different DNA polymerases 
revealed limited activity at high micromoJar concentra­
tions with only Vent(exo-) DNA polymerase (8). The 
hi~~Y related 9°N(exo-) DNA polymerase (30), con­
taunng the A485L and Y 409V amino acid variants 
(Therminator II), has been shown to incorporate 
3'-0-allyl-dNTPs, however, efficient incorporation 
requires up to 50min per single base addition, highlighting 
the difficulty of incorporating these analogs {7,10). The 
A485L and Y409V mutations are analogous to those 
described for Vent(exo-) DNA polymerase (26), with the 
Y409V residue acting as a 'steric' gate for incorporation of 
ribonucleotides (26,31-33). Little is known regarding the 
mechanism by which a 2' -steric gate residue alters the 
incorporation of 31-0-allyl terminators. 

Research efforts have been focused on optimizing the 
cycle efficiency and time, which determine read-length and 
throughput, respectively. Targeting a 50% Joss in signal as 
an end-point (5), the cycle efficiency must be ::-;97.3% to 
achieve a 25 base read-length. Although we show a slightly 
s~alle~ cycle efficiency of 92. 7% with compound me, 
pnmartl~ due to its deprotection efficiency of 94%, work 
1s ongomg to improve this by substitution of the 
2-nitrobenzyl group. We also anticipate further improve­
ments in cycle efficiency with development of instrumenta­
~ion supporting the CRT chemistry, allowing for 
mtegration and automation of the incorporation, imaging, 
deprotection and washing steps. 

Although the cycle efficiency is primarily the product of 
incorporation and deprotection efficiencies of the RT, 
other factors including dephasing (natural nucleotide 
carryover) and accumulating 'molecular scars' (residual 
linker structures left over after deprotection) can also 
influence the efficiency in an adverse manner. The 
.N6-attachment to the adenine nucleobase is also unique, 

di_ffering fro~ that of the traditional 7-deaza position of 
BtgDye termmators (34) and 3'-0-aJlyl terminators (7,10). 
Upon chemical deprotection of the 3'-0-allyl terminators, 
a residual propargyl amino group remains on the 
nucleobase, resulting in an accumulating molecular scar 
with subsequent CRT cycles. The primary advantage of 
.N6-alkylation is that, upon directed photocleavage with 
365 nm UV light, the modified nucleotide is transformed 
back into its natural state without molecular scarring 
(Figure 2D). The enhanced enzymatic properties and the 
iv6-cteavage site, transforming the efficiently incorporated 
RT back into natural DNA, are anticipated to improve 
the cycle efficiency and read-length of the CRT method. 

These observations suggest that the .N6-(2-nitrobenzyl)­
dATP me represents an ideal candidate as a RT for CRT 
sequencing, illustrated by stepwise, single base addition 
through a homopolymer repeat. Of the polymerases tested 
here, however, not all exhibited this property, with the 
Family B polymerases revealing incorporation of a second 
modified nucleotide, albeit at varying levels. Recently, we 
have discovered that substitution of the 2-nitrobenzyl 
group can also •tune' the termination properties of 
these polymerases to give exclusively single-base 
products (unpublished data). To exploit the application 
of 3'-unblocked RTs in CRT sequencing, efforts are 
underway to create :fluorescently labeled analogs of 
compound me, and extrapolate this nucleotide model to 
the remaining nucleobases for production of a novel, four­
color RT set. We note that the adenine example as a RT 
may not be directly applicable to the remaining nucleo­
bases, which present their own unique challenges. 
Nonetheless, a base modification strategy can still be 
employed with careful selection of the attachment site of 
the 2-nitrobenzyl group on each nucleobase structure, the 
triphosphates of which exhibit similar enzymatic proper­
ties described in this report and transform into its natural 
nucleobase structure upon UV deprotection (manuscript 
in preparation). 

We anticipate that 3'-unblocked terminators will have 
utility beyond the application of CRT sequencing. For 
example, a complete set of non-fluorescent RTs could be 
used in pyrosequencing, with the advantage of improving 
accuracy through homopolymer repeat stretches. Reduced 
incorporation biases of 3'-unblocked terminators over 
natural nucleotides, exhibited by several polymerases, may 
also prove useful for more accurate heterozygote analysis 
in Sanger sequencing. With other applications envisioned, 
3'-unblocked terminators may well find their way into the 
general arsenal of molecular biology tools used in genomic 
sciences today. . 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online. 

ACKNOWLEDGEMENTS 

National Institutes of Health (ROI HG003573, R41 
HG003072, and R43 HG003443). Funding to pay the 

Page 77



Open Access publication charges for this article was 
provided by ROl HG003573. 

Conflict of interest statement. We declare that LaserGen 
plans on commercializing this compound, along with its 
derivatives. No other conflicts have been declared. 

REFERENCES 
l. Shendure,J., Mitra,R.D., Varma,C. and Church,G.M. (2004) 

Advanced sequencing technologies: methods and goals. Nat. Rev. 
Genet., 5, 335-344. 

2. Bai,X., Edwards,J. and Ju,J. (2005) Molecular engineering 
approaches for DNA sequencing and analysis. Expert Rev. Mo/. 
Diagn., 5, 797-808. 

3. Bennett,S.T., Barnes,C., Cox,A., Davies,L. and Brown,C. (2005) 
Toward the $1000 human genome. Pharmacogenomics, 6, 373-382. 

4. Chan,E.Y. (2005) Advances in sequencing technology. Mutat. Res., 
573, 13-40. 

5. Mel2ker,M.L. (2005) Emerging technologies in DNA sequencing. 
Genome Res., 15, 1767-1776. 

6. Fan,J.-B., Chee,M.S. and Gunderson,K.L. (2006) Highly parallel 
genomic assays. Nat. Rev. Genet., 7, 632-644. 

7. Ju,J., K.im,D.H., Bi,L., Meng,Q., Bai,X., Li,Z., Li,X., Manna,M.S., 
Shi,S. et al. (2006) Four-color DNA sequencing by synthesis using 
cleavable fluorescent nucleotide reversible ternUnators. Proc. Natl 
Acad. Sci. USA, 103, 19635-19640. 

8. Mel2ker,M.L., Raghavachari,R., Richards,S., Jacutin,S.E., 
Civitello,A., Burgess,K. and Gibbs,R.A. (1994) Termination of 
DNA synthesis by novel 3'-modified deoxyribonucleoside tripho· 
sphates. Nucleic Acids Res., 22, 4259-4267. 

9. Canard,B. and Sarfati,R. (1994) DNA polymerase fluorescent 
substrates with reversible 3'-tags. Gene, 148, 1-6. 

10. Ruparel,H., Bi,L., Li,Z., Bai,X., K.im,D.H., Turro,N.J. and Ju,J. 
(2005) Design and synthesis of a 3' ·0-allyl photocleavable 
fluorescent nucleotide as a reversible tenninator for DNA sequen­
cing by synthesis. Proc. Natl Acad. Sci. USA, 102, 5932-5937. 

11. Barnes,C., Balasubramanian,S., Liu,X., Swerdlow,H. and Milton,J. 
(2006} US patent 7,057,206 B2. 

12. Corrie,J.E.T. (2005) Photoremovable protecting groups used for 
caging of biomolecules. In Goeldner,M. and Givens,R. (eds), 
Dynamics Stufiies m Blology. Wiley-VCH Verlag GmbH & Co. 
KGaA, Weinheim, pp. 1-28. 

13. Metzker,M.L., Lu,J. and Gibbs,R.A. (1996) Electrophoretically 
uniform fluorescent dyes for automated DNA sequencing. Science, 
271, 1420-:1422. 

14. Innis,M.A., Myambo,K.B., Gelfand,D.H. and Brow,M.A.D. (1988) 
DNA .sequencing with Thermus aquatic11S DNA polymerase and 
direct sequencing of polymerase chain reaction-amplified DNA. 
Proc. Natl Acad. Sci. USA, 85, 9436-9440. 

15. Kong,H., Kucera,R.B. and Jack,W.E. (1993) Characterization of a 
DNA polymerase from the hyperthermophile archaea Thermococcus 

· litoralis. J. Biol. Chem., 268, 1965-1975. 
16. Watson,J.D. and Crick,F.H. (1953) Molecular structure of nucleic 

acids; a structure for deoxyribose nucleic acid. Nature, 171, 
737-738. 

17. Schmidt,M.W., Baldridge,K.K., Boatz,J.A., Elbert,S.T., 
Gordon,M.S., Jenscn,J.H., Koseki,S., Matsunaga,N., 

Nucleic Acids Research, 2007, Vol. 35,No.19 6349 

Nguyen,K.A. et al. (1993) General atonUc and molecular electronic 
structure system. J. Comput. Chem., 14, 1347-1363. 

18. Sponer,J., Leszczynski,J. and Hobza,P. (1996) Structures and 
energies of hydrogen-bonded DNA base pairs. A nonempirical 
study with inclusion of electron correlation. J. Phys. Chem., 160, 
1965-1974. . 

19. Sponer,J., Jurecka,P. and Hobza,P. (2004) Accurate interaction 
energies of hydrogen-bonded nucleic acid base pairs. J. Am. Chem. 
Soc., 126, 10142-10151. 

20. Furrer,E. and Giese,B. (2003) On the distance-independent hole 
transfer over long (A•1)n·sequences in DNA. Helv. Chim. Acta, 86, 
3623-3632. 

21. Ludwig,J. (1981) A new route to nucleoside 5'-triphosphates. Acta 
Biochem. Biophys. Acad. Sci. Hung., 16, 131-133. 

22. Wan,Z.K., Binnun,E., Wilson,D.P. and Lee,J. (2005) A highly 
facile and efficient one-step synthesis of .N"-adenosine and 
.N"-2'-deoxyadenosine derivatives. Org. Lett., 7, 5877-5880. 

23. Mel2ker,M.L., Raghavacbari,R., Burgess,K. and Gibbs,R.A. (1998) 
ElinUnation of residual natural nucleotides from 3'.0-modified­
dNTP syntheses by enzymatic Mop-Up. BioTechniques, 25, 
814-817. 

24. Ohtsuka,E., Tanaka,S. and Ikehara,M. (1977) Studies on transfer 
ribonucleic acids and related compounds. XVI. Synthesis of 
ribooligonucleotides using a photosensitive o-nitrobenzyl 
protection for the 2'-hydroxyl group. Chem. Pharm. Bull., 25, 
949-959. 

25. Tabor,S. and Richardson,C.C. (1995) A single residue in DNA 
polymerases of the Escherichia coli DNA polymerase I family is 
critical for distinguishing between deoxy- and dideoxyribonucleo­
tides. Proc. Natl Acad. Sci. USA, 92, 6339-6343. 

26. Gardner,A.F. and Jack,W.E. (1999) Determinants of nucleotide 
sugar recognition in an archaeon DNA polymerase. Nucleic Acids 
Res., 21, 2545-2553. 

27. Kool,E.T. (2002) Active site tightness and substrate fit in DNA 
. replication. Annu. Rev. Biochem., 71, 191-219. 

28. Henry,A.A. and Romesberg,F.E. {2003) Beyond A, C, G and T: 
augmenting nature's alphabet. Curr. Opi11. Chem. Biol., 7, 
727-733. 

29. Ronaghi,M., Uhlen,M. and Nyren,P. (1998) A sequencing _method 
based on real-time pyrophosphate. Science, 281, 363-365. 

30. Southworth,M.W., Kong,H., Kucera,R.B., Jannasch,H.W. and 
Perler,F.B. (1996) Cloning of thermostable DNA polymerases from 
hyperthennophllic marine Archaea with emphasis on Thermococcus 
sp. 9 degrees N-7 and mutations affecting 3'-5' exonuclease activity. 
Proc. Natl Acad. Sci. USA, 93, 5281-5285. 

31. Gao,G., Orlova,M., Georgiadis,M.M., Hendrickson,W.A. and 
Goff,S.P. (1997) Conferring RNA polymerase activity to a 
DNA polymerase: a single residue in reverse transcriptase 
controls substrate selection. Proc. Natl Acad. Sci. USA, 94, 
407-41 J. 

32. Astatke,M., Ng,K., Grindley,N.D.F. and Joyce,C.M. (1998) A 
single side chain prevents Escherichia coli DNA polymerase I 
{Kienow fragment) from incorporating ribonucleotides. Proc. Natl 
Acad. Sci. USA, 85, 3402-3407. 

33. Fa,M., Radeghieri,A., Henry,A.A. and Romesberg,F.E. (2004) 
Expanding the substrate repertoire of a DNA polymerase by 
directed evolution. J. Am. Chem. Soc., 126, 1748-1754. 

34. Rosenblum,B., Lee,L., Spurgeon,S., Khan,S., Menchen,S., 
Heiner,C. and Chen,S. (1997) New dye-labeled terminators for 
improved DNA sequencing patterns. Nucleic Acids Res., 25, 
4500-:4504. 

Page 78



Dkt. 62239-BZA9 

CLAIM SUPPORT TABLE 

U.S. Serial No. 15/380,284 
A cytosine deoxyribonucleotide analogue having the 
structure: 

wherein R 
(a) represents a small, chemically cleavable chemical 
group capping the oxygen at the 3' position of the 
deoxyribose of the deoxyribonucleotide 

Support 
[0016] "each different nucleotide analogue comprises 
(a) a base selected from the group consisting of 
adenine, guanine, cytosine, thymine, and uracil, and 
their analogues; (b) a unique label attached through a 
cleavable linker to the base or to an analogue of the 
base; (c) a deoxyribose; and (d) a cleavable chemical 
group to cap an -OH group at a 3'-position of the 
deoxyribose" 

[0036] "FIG. 2A-2B: ... A, C, G, T; nucleotide 
triphosphates comprising bases adenine, cytosine, 
guanine, and thymine; d, deoxy; dd, dideoxy; R, 
cleavable chemical group used to cap the -OH group; Y, 
cleavable linker" 

FIG.2B: 

<y - tag-1 (Link to the base) 
dC 

0 - R (Block the 3'-0H group) 

FIG. 7 

[0093] "In one embodiment, the unique label is attached 
through a cleavable linker to a 5-position of cytosine ... " 

[0006] "More recent work in the literature exploring 
DNA sequencing by a synthesis method is mostly 
focused on designing and synthesizing a 
photocleavable chemical moiety that is linked to a 
fluorescent dye to cap the 3'-0H group of 
deoxynucleoside triphosphates (dNTPs) (Welch et al. 
1999). Limited success for the incorporation of the 3'­
modified nucleotide by DNA polymerase is reported. 
The reason is that the 3'-position on the deoxyribose is 
very close to the amino acid residues in the active site 
of the polymerase, and the polymerase is therefore 
sensitive to modification in this area of the deoxyribose 
ring. On the other hand, it is known that modified DNA 
polymerases (Thermo Sequenase and Taq FS 
polymerase) are able to recognize nucleotides with 
extensive modifications with bulky groups such as 
energy transfer dyes at the 5-position of the pyrimidines 
(T and C) and at the ?-position of purines (G and A) 
(Rosenblum et al. 1997, Zhu et al. 1994). The ternary 
complexes of rat DNA polymerase, a DNA template­
primer. and dideoxycytidine triphosphate (ddCTP) have 
been determined (Pelletier et al. 1994) which supports 
this fact. As shown in FIG. 1 the 3-D structure indicates 
that the surrounding area of the 3'-position of the 
deoxyribose ring in ddCTP is very crowded, while there 
is ample space for modification on the 5-position the 
cytidine base." 

[0007] "The approach disclosed in the present 
application is to make nucleotide analogues by linking a 
unique label such as a fluorescent dye or a mass tag 
through a cleavable linker to the nucleotide base or an 
analogue of the nucleotide base, such as to the 5-
position of the pyrimidines (T and C) and to the?­
position of the purines (G and A), to use a small 
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cleavable chemical moiety to cap the 3'-0H group of the 
deoxyribose to make it nonreactive, and to incorporate 
the nucleotide analogues into the growing DNA strand 
as terminators. Detection of the unique label will yield 
the sequence identity of the nucleotide. Upon removing 
the label and the 3'-0H capping group, the polymerase 
reaction will proceed to incorporate the next nucleotide 
analogue and detect the next base." 

[0008] "It is also desirable to use a photocleavable 
group to cap the 3'-0H group. However. a 
photocleavable group is generally bulky and thus the 
DNA polymerase will have difficulty to incorporate the 
nucleotide analogues containing a photocleavable 
moiety capping the 3'-0H group. If small chemical 
moieties that can be easily cleaved chemically with high 
yield can be used to cap the 3'-0H group. such 
nucleotide analogues should also be recognized as 
substrates for DNA polymerase. It has been reported 
that 3'-0-methoxy-deoxynucleotides are good 
substrates for several polymerases (Axelrod et al. 
1978). 3'-0-allyl-dATP was also shown to be 
incorporated by Ventr (exo-) DNA polymerase in the 
growing strand of DNA (Metzker et al. 1994). However. 
the procedure to chemically cleave the methoxy group 
is stringent and requires anhydrous conditions. Thus, it 
is not practical to use a methoxy group to cap the 3'-0H 
™ for sequencing DNA by synthesis. An ester group 
was also explored to cap the 3'-0H group of the 
nucleotide, but it was shown to be cleaved by the 
nucleophiles in the active site in DNA polymerase 
(Canard et al. 1995). Chemical groups with electrophiles 
such as ketone groups are not suitable for protecting 
the 3'-0H of the nucleotide in enzymatic reactions due 
to the existence of strong nucleophiles in the 
polymerase. It is known that MOM (-CH20CH3) and 
ally! (-CH2CH=CH2) groups can be used to cap an 
-OH group. and can be cleaved chemically with high 
yield (Ireland et al. 1986; Kamal et al. 1999). The 
approach disclosed in the present application is to 
incorporate nucleotide analogues. which are labeled 
with cleavable. unique labels such as fluorescent dyes 
or mass tags and where the 3'-0H is capped with a 
cleavable chemical moiety such as either a MOM group 
(-CH20CH3) or an ally! group (-CH2CH=CH2), into 
the growing strand DNA as terminators. The optimized 
nucleotide set (3'-RO-A-LABEL 1, 3'-RO-C-LABEL2, 3'­
RO-G-LABEL3, 3'-RO-T-LABEL4, where R denotes the 
chemical group used to cap the 3'-0H) can then be 
used for DNA sequencing by the synthesis approach." 

[0035] "FIG. 1: The 3D structure of the ternary 
complexes of rat DNA polymerase, a DNA template­
primer, and dideoxycytidine triphosphate (ddCTP). The 
left side of the illustration shows the mechanism for the 
addition of ddCTP and the right side of the illustration 
shows the active site of the polymerase. Note that the 3' 
position of the dideoxyribose ring is very crowded. while 
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(b) does not interfere with recognition of the analogue 
as a substrate by a DNA polymerase 

(c) is stable during a DNA polymerase reaction 

(d) does not contain a ketone group 

wherein OR is not a methoxy group 

or an ester group 

wherein the covalent bond between the 3'-oxygen and 
R is stable during a DNA polymerase reaction 

wherein tag represents a detectable fluorescent moiety 
[as part of structure ~ attached to the 5-position 
of a cytosine nucleotide analogue] 
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ample space is available at the 5 position of the cytidine 
base." 

[0137] " ... a small cleavable chemical group (R) to cap 
the 3'-0H group." 

[0138] " ... the R group protecting the 3'-0H is removed 
chemically to generate free 3'-0H group with high yield 
(step 4 in FIG. 2A)." 

[0141] " ... a small cleavable chemical group (R) to cap 
the 3'-0H group ... The R protecting group is then 
removed chemically and washed away to generate free 
3'-0H group with high yield (step 5 in FIG. 28)." 

[0147] " ... the 3'-0H cap group is chemically cleaved off' 

[0154] "These groups can be removed chemically with 
high yield as shown in FIG. 14 (Ireland, et al. 1986; 
Kamal et al. 1999)." 
[0008] "If small chemical moieties that can be easily 
cleaved chemically with high yield can be used to cap 
the 3'-0H group, such nucleotide analogues should also 
be recognized as substrates for DNA polymerase." 

[0089] "Any chemical group could be used as long as 
the group ... does not interfere with the recognition of the 
nucleotide analogue by polymerase as a substrate ... " 

[0089] "Any chemical group could be used as long as 
the group 1) is stable during the polymerase reaction ... " 

[0008] "Chemical groups with electrophiles such as 
ketone groups are not suitable for protecting the 3'-0H 
of the nucleotide in enzymatic reactions due to the 
existence of strong nucleophiles in the polymerase." 

[0008] " ... the procedure to chemically cleave the 
methoxy group is stringent and requires anhydrous 
conditions. Thus, it is not practical to use a methoxy 
group to cap the 3'-0H group for sequencing DNA by 
synthesis." 

[0008] "An ester group was also explored to cap the 3'-
0H group of the nucleotide, but it was shown to be 
cleaved by the nucleophiles in the active site in DNA 
polymerase (Canard et al. 1995)." 

[0007] " ... use a small cleavable chemical moiety to cap 
the 3'-0H group of the deoxyribose to make it 
nonreactive" 

[0089] "Any chemical group could be used as long as 
the group 1) is stable during the polymerase reaction ... " 

[0007] 'The approach disclosed in the present 
application is to make nucleotide analogues by linking a 
unique label such as a fluorescent dye ... through a 
cleavable linker to the nucleotide base or an analogue 
of the nucleotide base, such as to the 5-position of the 
pyrimidines (T and C} ... " 
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wherein Y represents a chemically cleavable, chemical 
linker 

which (a) does not interfere with recognition of the 
analogue as a substrate by a DNA polymerase 

and {b) is stable during a DNA polymerase reaction 

; and 

wherein the cytosine deoxyribonucleotide analogue: 
i) is recognized as a substrate by a DNA polymerase, 

Dkt. 62239-BZA9 

(0036] "FIG. 2A-2B ... the unique labels are dyes ... Y, 
cleavable linker." 

[0041] FIG. 7 ... Each nucleotide analogue has a unique 
fluorescent dye attached to the base through a 
... cleavable linker" 

[0043] FIG. 9 ... The dye is detected and cleaved to test 
the approach. Dye1=Fam; Dye2=R6G; Dye3=Tam; 
Dye4=Rox." 

[0090] In one embodiment, the unique label that is 
attached to the nucleotide analogue is a fluorescent 
moiety ... " 

[0117] "In one embodiment, the unique label is a 
fluorescent moiety or a fluorescent semiconductor 
crystal." 
[0036] "Y, cleavable linker." 

[0007] "linking a unique label such as a fluorescent 
dye ... through a cleavable linker to the nucleotide base 
or an analogue of the nucleotide base" 

[0063] "Further examples include analogues in which a 
label is attached through a cleavable linker to the 5-
position of cytosine ... " 

[0094] "In one embodiment, the linker is cleaved by a 
chemical means." 

[0093] "In one embodiment, the unique label is attached 
through a cleavable linker to a 5-position of cytosine or 
thymine or to a 7-position of deaza-adenine or deaza­
guanine. The unique label could also be attached 
through a cleavable linker to another position in the 
nucleotide analogue as long as ... the nucleotide analog 
can be recognized by polymerase as a substrate." 

[0093] "In one embodiment, the unique label is attached 
through a cleavable linker to a 5-position of cytosine or 
thymine or to a 7-position of deaza-adenine or deaza­
guanine. The unique label could also be attached 
through a cleavable linker to another position in the 
nucleotide analogue as long as the attachment of the 
label is stable during the polymerase reaction ... " 

[0008] "If small chemical moieties that can be easily 
cleaved chemically with high yield can be used to cap 
the 3'-0H group, such nucleotide analogues should also 
be recognized as substrates for DNA polymerase." 

[0062] "An analogue of a nucleotide base refers to a 
structural and functional derivative of the base of a 
nucleotide which can be recognized by polymerase as a 
substrate." 

[0063) "A nucleotide analogue refers to a chemical 
compound that is structurally and functionally similar to 
the nucleotide, i.e. the nucleotide analogue can be 
recognized by polymerase as a substrate." 
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ii) is incorporated at the end of a growing strand of 
DNA during a DNA polymerase reaction, 

iii) produces a 3' -OH group on the deoxyribose upon 
cleavage of R, 

iv) no longer includes a tag on the base upon cleavage 
ofY, and 

v) is capable of forming hydrogen bonds with guanine 
or a guanine nucleotide analogue. 

Dkt. 62239-BZA9 

[0089] "Any chemical group could be used as long as 
the group ... does not interfere with the recognition of the 
nucleotide analogue by polymerase as a substrate ... " 

[0093) "The unique label could also be attached through 
a cleavable linker to another position in the nucleotide 
analogue as long as ... the nucleotide analog can be 
recognized by polymerase as a substrate." 

[0007] ''The approach disclosed in the present 
application is to ... incorporate the nucleotide analogues 
into the growing DNA strand as terminators." ' 

[0016] "adding a polymerase and one or more different 
nucleotide a-nalogues to the nucleic acid to thereby 
incorporate, a nucleotide analogue into the growing 
strand of DNA, wherein the incorporated nucleotide 
analogue terminates the polymerase reaction" 

[0138] " ... the R group protecting the 3'-0H is removed 
chemically to generate free 3'--0H group with high yield 
(step 4 in FIG. 2A)." 

[0048] "FIG. 14: Chemical cleavage of the MOM group 
(top row) and the allyl group (bottom row) to free the 3'-
0H in the nucleotide." 

[0044] FIG. 1 O: The expected photocleavage products 
of DNA containing a photo-cleavable dye (Tam). Light 
absorption (300-360 nm) by the aromatic 2-nitrobenzyl 
moiety causes reduction of the 2-nitro group to a nitroso 
group and an oxygen insertion into the carbon-hydrogen 
bond located in the 2-position followed by cleavage and 
decarboxylation (Pillai 1980). 

[0062] " ... a C analogue should form hydrogen bonds 
with G ... " 

[0063] " ... a nucleotide analogue comprising Coran 
analogue of C should form hydrogen bonds with G, .. " 
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In making the above disclaimer, the owner does not disclaim the terminal part of the term of any patent granted on the instant 
application that would extend to the expiration date of the full statutory term of the prior patent, "as the term of said prior patent 
is presently shortened by any terminal disclaimer," in the event that said prior patent later: 
- expires for failure to pay a maintenance fee; 
- is held unenforceable; 
- is found invalid by a court of competent jurisdiction; 
- is statutorily disclaimed in whole or terminally disclaimed under 37 CFR 1.321; 
- has all claims canceled by a reexamination certificate; 
- is reissued; or 
- is in any manner terminated prior to the expiration of its full statutory term as presently shortened by any terminal disclaimer. 

0 

Terminal disclaimer fee under 37 CFR 1.20(d) is included with Electronic Terminal Disclaimer request. 

I certify, in accordance with 37 CFR 1.4(d)(4), that the terminal disclaimer fee under 37 CFR 1.20(d) 
required for this terminal disclaimer has already been paid in the above-identified application. 

Applicants claims the following fee status: 

Q Small Entity 

Q Micro Entity 

@ Regular Undiscounted 

I hereby declare that all statements made herein of my own knowledge are true and that all statements made on information and 
belief are believed to be true; and further that these statements were made with the knowledge that willful false statements and 
the like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States Code and 
that such willful false statements may jeopardize the validity of the application or any patent issued thereon. 

THIS PORTION MUST BE COMPLETED BY THE SIGNATORY OR SIGNATORIES 

I certify, in accordance with 37 CFR 1.4(d)(4) that I am: 

@ An attorney or agent registered to practice before the Patent and Trademark Office who is of record in 
this application 

Registration Number 28678 

Q A sole inventor 

0 

0 

A joint inventor; I certify that I am authorized to sign this submission on behalf of all of the inventors as evidenced by the 
power of attorney in the application 

A joint inventor; all of whom are signing this request 
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Signature 
/John P. White/ 

Name John P. White 

*Statement under 37 CFR 3.73(b) is required if terminal disclaimer is signed by the assignee (owner). 
Form PTO/SB/96 may be used for making this certification. See MPEP § 324. 
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Doc Code: DISQ.E.FILE 
Document Description: Electronic Terminal Disclaimer -Approved 

Application No.: 15380284 

Filing Date: 15-Dec-2016 

Applicant/Patent under Reexamination: Ju 

Electronic Terminal Disclaimer filed on May 8, 2017 

C8J APPROVED 

This patent is subject to a terminal disclaimer 

D DISAPPROVED 

Approved/Disapproved by: Electronic Terminal Disclaimer automatically approved by EFS-Web 

U.S. Patent and Trademark Office 
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Application No. 

15/380,284 
Applicant-Initiated Interview Summary 

Examiner 

LAYLA BERRY 

All participants (applicant, applicant's representative, PTO personnel): 

(1) LAYLA BERRY. 

(2) JINGYUE JU. 

Date of Interview: 17 April 2017. 

Type: 0 Telephonic [8J Video Conference 
0 Personal [copy given to: 0 applicant 

Exhibit shown or demonstration conducted: 0 Yes 
If Yes, brief description: __ . 

(3)JOHN WHITE. 

(4)SHERSHENOVICH. 

0 applicant's representative] 

[8J No. 

Issues Discussed 0101 [8J112 0102 [8J103 OOthers 
(For each of the checked box( es) above, please describe below the issue and detailed description of the discussion) 

Claim(s) discussed: 61. 

Identification of prior art discussed: STEMPLE. 

Substance of Interview 

Applicant(s) 

JU ET AL. 

Art Unit 

1673 

(For each issue discussed, provide a detailed description and indicate if agreement was reached. Some topics may include: identification or clarification of a 
reference or a portion thereof, claim interpretation, proposed amendments, arguments of any applied references etc ... ) 

The interpretation of the word "small" was discussed. The examiner's position was that "small" was not defined. but 
Applicant's position was that "small" would be understood bv the skilled artisan in light of the specification. The scope 
of the R variable was discussed. The scope of variables i-v was discussed. Applicant's written response will be 
considered carefullv. 

Applicant recordation instructions: The formal written reply to the last Office action must include the substance of the interview. (See MPEP 
section 713.04). If a reply to the last Office action has already been filed, applicant is given a non-extendable period of the longer of one month or 
thirty days from this interview date, or the mailing date of this interview summary form, whichever is later, to file a statement of the substance of the 
interview 

Examiner recordation instructions: Examiners must summarize the substance of any interview of record. A complete and proper recordation of the 
substance of an interview should include the items listed in MPEP 713.04 for complete and proper recordation including the identification of the 
general thrust of each argument or issue discussed, a general indication of any other pertinent matters discussed regarding patentability and the 
general results or outcome of the interview, to include an indication as to whether or not agreement was reached on the issues raised. 

0 Attachment 

/LAYLA BERRY/ 
Primary Examiner, Art Unit 1673 

U.S. Patent and Trademark Office 

PTOL-413 (Rev. 8/11/2010) Interview Summary Paper No. 20170421 
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Summary of Record of Interview Requirements 

Manual of Patent Examining Procedure (MPEP), Section 713.04, Substance of Interview Must be Made of Record 
A complete written statement as to the substance of any face-to-face, video conference, or telephone interview with regard to an application must be made of record in the 
application whether or not an agreement with the examiner was reached at the interview. 

Title 37 Code of Federal Regulations (CFR) § 1.133 Interviews 
Paragraph (b) 

In every instance where reconsideration is requested in view of an interview with an examiner, a complete written statement of the reasons presented at the interview as 
warranting favorable action must be filed by the applicant. An interview does not remove the necessity for reply to Office action as specified in §§ 1.111, 1 .135. (35 U .S.C. 132) 

37 CFR §1.2 Business to be transacted in writing. 
All business with the Patent or Trademark Office should be transacted in writing. The personal attendance of applicants or their attorneys or agents at the Patent and 
Trademark Office is unnecessary. The action of the Patent and Trademark Office will be based exclusively on the written record in the Office. No attention will be paid to 
any alleged oral promise, stipulation, or understanding in relation to which there is disagreement or doubt. 

The action of the Patent and Trademark Office cannot be based exclusively on the written record in the Office if that record is itself 
incomplete through the failure to record the substance of interviews. 

It is the responsibility of the applicant or the attorney or agent to make the substance of an interview of record in the application file, unless 
the examiner indicates he or she will do so. It is the examiner's responsibility to see that such a record is made and to correct material inaccuracies 
which bear directly on the question of patentability. 

Examiners must complete an Interview Summary Form for each interview held where a matter of substance has been discussed during the 
interview by checking the appropriate boxes and filling in the blanks. Discussions regarding only procedural matters, directed solely to restriction 
requirements for which interview recordation is otherwise provided for in Section 812.01 of the Manual of Patent Examining Procedure, or pointing 
out typographical errors or unreadable script in Office actions or the like, are excluded from the interview recordation procedures below. Where the 
substance of an interview is completely recorded in an Examiners Amendment, no separate Interview Summary Record is required. 

The Interview Summary Form shall be given an appropriate Paper No., placed in the right hand portion of the file, and listed on the 
"Contents" section of the file wrapper. In a personal interview, a duplicate of the Form is given to the applicant (or attorney or agent) at the 
conclusion of the interview. In the case of a telephone or video-conference interview, the copy is mailed to the applicant's correspondence address 
either with or prior to the next official communication. If additional correspondence from the examiner is not likely before an allowance or if other 
circumstances dictate, the Form should be mailed promptly after the interview rather than with the next official communication. 

The Form provides for recordation of the following information: 
-Application Number (Series Code and Serial Number) 
- Name of applicant 
- Name of examiner 
- Date of interview 
- Type of interview (telephonic, video-conference, or personal) 
- Name of participant(s) (applicant, attorney or agent, examiner, other PTO personnel, etc.) 
-An indication whether or not an exhibit was shown or a demonstration conducted 
-An identification of the specific prior art discussed 

An indication whether an agreement was reached and if so, a description of the general nature of the agreement (may be by 
attachment of a copy of amendments or claims agreed as being allowable). Note: Agreement as to allowability is tentative and does 
not restrict further action by the examiner to the contrary. 

- The signature of the examiner who conducted the interview (if Form is not an attachment to a signed Office action) 

It is desirable that the examiner orally remind the applicant of his or her obligation to record the substance of the interview of each case. It 
should be noted, however, that the Interview Summary Form will not normally be considered a complete and proper recordation of the interview 
unless it includes, or is supplemented by the applicant or the examiner to include, all of the applicable items required below concerning the 
substance of the interview. 

A complete and proper recordation of the substance of any interview should include at least the following applicable items: 
1) A brief description of the nature of any exhibit shown or any demonstration conducted, 
2) an identification of the claims discussed, 
3) an identification of the specific prior art discussed, 
4) an identification of the principal proposed amendments of a substantive nature discussed, unless these are already described on the 

Interview Summary Form completed by the Examiner, 
5) a brief identification of the general thrust of the principal arguments presented to the examiner, 

(The identification of arguments need not be lengthy or elaborate. A verbatim or highly detailed description of the arguments is not 
required. The identification of the arguments is sufficient if the general nature or thrust of the principal arguments made to the 
examiner can be understood in the context of the application file. Of course, the applicant may desire to emphasize and fully 
describe those arguments which he or she feels were or might be persuasive to the examiner.) 

6) a general indication of any other pertinent matters discussed, and 
7) if appropriate, the general results or outcome of the interview unless already described in the Interview Summary Form completed by 

the examiner. 
Examiners are expected to carefully review the applicant's record of the substance of an interview. If the record is not complete and 

accurate, the examiner will give the applicant an extendable one month time period to correct the record. 

Examiner to Check for Accuracy 

If the claims are allowable for other reasons of record, the examiner should send a letter setting forth the examiner's version of the 
statement attributed to him or her. If the record is complete and accurate, the examiner should place the indication, "Interview Record OK" on the 
paper recording the substance of the interview along with the date and the examiner's initials. 
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Office Action Summary 

Application No. 
15/380,284 

Examiner 
LAYLA BERRY 

Applicant(s) 
JU ET AL. 

Art Unit 
1673 

AIA (First Inventor to File) 
Status 

No 

-- The MAILING DA TE of this communication appears on the cover sheet with the correspondence address -­
Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE .J. MONTHS FROM THE MAILING DATE OF 
THIS COMMUNICATION. 

Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, however, may a reply be timely filed 
after SIX (6) MONTHS from the mailing date of this communication. 
If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication. 
Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133). 
Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any 
earned patent term adjustment. See 37 CFR 1.704(b). 

Status 
1 )0 Responsive to communication(s) filed on __ . 

0 A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on __ . 

2a)0 This action is FINAL. 2b)IZ! This action is non-final. 
3)0 An election was made by the applicant in response to a restriction requirement set forth during the interview on 

__ ; the restriction requirement and election have been incorporated into this action. 
4)0 Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 G.D. 11, 453 O.G. 213. 

Disposition of Claims* 
5)!ZI Claim(s) 61 is/are pending in the application. 

5a) Of the above claim(s) __ is/are withdrawn from consideration. 
6)0 Claim(s) __ is/are allowed. 
7)1Z! Claim(s) 61 is/are rejected. 
8)0 Claim(s) __ is/are objected to. 
9)0 Claim(s) __ are subject to restriction and/or election requirement. 

* If any claims have been determined allowable, you may be eligible to benefit from the Patent Prosecution Highway program at a 

participating intellectual property office for the corresponding application. For more information, please see 

http://www.uspto.gov/patents/init events/pph/index.jsp or send an inquiry to PF'Hfeedback(wuspto.aov. 

Application Papers 
10)0 The specification is objected to by the Examiner. 
11 )0 The drawing(s) filed on __ is/are: a)O accepted or b)O objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a). 

Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121 (d). 

Priority under 35 U.S.C. § 119 
12)0 Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 
Certified copies: 

a)O All b)O Some** c)O None of the: 

1.0 
2.0 
3.0 

Certified copies of the priority documents have been received. 
Certified copies of the priority documents have been received in Application No. __ . 
Copies of the certified copies of the priority documents have been received in this National Stage 

application from the International Bureau (PCT Rule 17.2(a)). 
** See the attached detailed Office action for a list of the certified copies not received. 

Attachment{s) 

1) 0 Notice of References Cited (PT0-892) 

2) IZ! Information Disclosure Statement(s) (PTO/SB/08a and/or PTO/SB/08b) 
Paper No(s)/Mail Date __ . 

U.S. Patent and Trademark Office 
PTOL-326 (Rev. 11-13) Office Action Summary 

3) 0 Interview Summary (PT0-413) 

Paper No(s)/Mail Date. __ . 

4) 0 Other: __ . 

Part of Paper No./Mail Date 20170204 Page 92



Application/Control Number: 15/380,284 

Art Unit: 1673 

Page 2 

The present application is being examined under the pre-AIA first to invent provisions. 

DETAILED ACTION 

This application is a CON of 14/670,748 filed March 27, 2015, which is a CON of 

13/959,660 filed August 5, 2013, now U.S. Patent No. 9,133,511, which is a CON of 13/672,437 

filed November 8, 2012, which is a CON of 13/339,089 filed December 28, 2011, which is a 

CON of 12/804,284 filed July 19, 2010, now U.S. Patent 8,088,575, which is a CON of 

11/810,509 filed June 5, 2007, now U.S. Patent No. 7,790,869, which is a CON of 10/702,203 

filed November 4, 2003, now U.S. Patent No. 7,345,159, which is a DIV of 09/972,364 filed 

October 5, 2001, now U.S. Patent No. 6,664,079, which claims benefit of 60/300,804 filed June 

26, 2001 and is a CIP of 09/684,670 filed October 6, 2000. 

Claim 61 is pending. 

Claim Rejections - 35USC§112 

The following is a quotation of 35 U.S.C. 112(b ): 
(b) CONCLUSION.-The specification shall conclude with one or more claims particularly pointing 
out and distinctly claiming the subject matter which the inventor or a joint inventor regards as the 
invention. 

The following is a quotation of 35 U.S.C. 112 (pre-AIA), second paragraph: 
The specification shall conclude with one or more claims particularly pointing out and distinctly 
claiming the subject matter which the applicant regards as his invention. 

Claim 61 is rejected under 35 U.S.C. 112(b) or 35 U.S.C. 112 (pre-AIA), second 

paragraph, as being indefinite for failing to particularly point out and distinctly claim the subject 

matter which the inventor or a joint inventor, or for pre-AIA the applicant regards as the 

invention. 
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The term "small" in claim 61 is a relative term which renders the claim indefinite. The 

term "small" is not defined by the claim, the specification does not provide a standard for 

ascertaining the requisite degree, and one of ordinary skill in the art would not be reasonably 

apprised of the scope of the invention. The specification does not define "small" and provides 

only two examples: MOM ether and allyl. The skilled artisan would not know which other 

groups meet the limitation "small." 

The definition of R in claim 61 is unclear. The only structural limitations given are "does 

not contain a ketone group," and "is not a methoxy group or an ester group." The claim also 

recites some functional characteristics of R such as "does not interfere with recognition of the 

analogue as a substrate by a DNA polymerase," and "is stable during a DNA polymerase 

reaction." The scope ofY is unclear. The claim recites no structural limitations for Y, but 

recites functional limitations "does not interfere with the recognition of the analogue as a 

substrate by a DNA polymerase" and "is stable during a DNA polymerase reaction." Finally, the 

claim recites functional characteristics of the entire molecule which could impact the scope of R 

and Y, such as "is recognized as a substrate by a DNA polymerase," "is incorporated at the end 

of a growing strand of DNA during a DNA polymerase reaction," and "is capable of forming 

hydrogen bonds with thymine or a thymine nucleotide analogue." These functional limitations 

do not set forth well-defined boundaries of the invention because they only state a problem 

solved or a result achieved. There is no clear-cut indication of the scope of the subject matter 

covered by the claim. The skilled artisan would not know which structures are encompassed by 

the claim because the specification does not provide guidance other than two examples of R 

(MOM and allyl) and one example of Y (propargyl amino). The claims are not limited to these 
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examples. The use of functional language in a claim may fail "to provide a clear-cut indication 

of the scope of the subject matter embraced by the claim" and thus be indefinite. For example, 

when claims merely recite a description of a problem to be solved or a function or result 

achieved by the invention, the boundaries of the claim scope may be unclear. Without reciting 

the particular structure, materials or steps that accomplish the function or achieve the result, all 

means or methods of resolving the problem may be encompassed by the claim. See Federal 

Register /Vol. 76, No. 27 /Wednesday, February 9, 2011 /Notices, page 7165, first column. 

The following is a quotation of the first paragraph of 35 U.S.C. l 12(a): 

(a) IN GENERAL.-The specification shall contain a written description of the invention, 
and of the manner and process of making and using it, in such full, clear, concise, and exact terms as to 
enable any person skilled in the art to which it pertains, or with which it is most nearly connected, to 
make and use the same, and shall set forth the best mode contemplated by the inventor or joint inventor 
of carrying out the invention. 

The following is a quotation of the first paragraph of pre-AIA 35 U.S.C. 112: 

The specification shall contain a written description of the invention, and of the manner and 
process of making and using it, in such full, clear, concise, and exact terms as to enable any person 
skilled in the art to which it pertains, or with which it is most nearly connected, to make and use the 
same, and shall set forth the best mode contemplated by the inventor of carrying out his invention. 

Claim 61 is rejected under 35 U.S.C. 112(a) or 35 U.S.C. 112 (pre-AIA), first paragraph, 

as failing to comply with the written description requirement. The claim(s) contains subject 

matter which was not described in the specification in such a way as to reasonably convey to one 

skilled in the relevant art that the inventor or a joint inventor, or for pre-AIA the inventor(s), at 

the time the application was filed, had possession of the claimed invention. Variables R and Y in 

claim 61 are defined functionally but lack a clear-cut indication of the scope of the subject matter 

embraced by the claim, as set forth above. Without reciting the particular structure, materials or 
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steps that accomplish the function or achieve the result, all means or methods of resolving the 

problem may be encompassed by the claim. Unlimited functional claim limitations that extend 

to all means or methods of resolving a problem may not be adequately supported by the written 

description. In this case, the specification does not provide the particular structures that 

accomplish the functions recited in the claim, with the exception of two examples of R and one 

example of Y. The skilled artisan would not be apprised that the inventors had possession of the 

full scope of the claimed invention at the time the application was filed because the scope of the 

claims is much larger than the examples given and the specification does not provide structure-

function relationships or guidance for compounds other than those exemplified. 

Claim Rejections - 35USC§103 

The following is a quotation of pre-AIA 35 U.S.C. 103(a) which forms the basis for all 

obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set 
forth in section 102, if the differences between the subject matter sought to be patented and the prior art 
are such that the subject matter as a whole would have been obvious at the time the invention was made 
to a person having ordinary skill in the art to which said subject matter pertains. Patentability shall not 
be negatived by the manner in which the invention was made. 

This application currently names joint inventors. In considering patentability of the 

claims under pre-AIA 35 U.S.C. 103(a), the examiner presumes that the subject matter of the 

various claims was commonly owned at the time any inventions covered therein were made 

absent any evidence to the contrary. Applicant is advised of the obligation under 37 CPR 1.56 to 

point out the inventor and invention dates of each claim that was not commonly owned at the 

time a later invention was made in order for the examiner to consider the applicability of pre-
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AIA 35 U.S.C. 103(c) and potential pre-AIA 35 U.S.C. 102(e), (f) or (g) prior art under pre-AIA 

35 U.S.C. 103(a). 

Claim 61 is/are rejected under pre-AIA 35 U.S.C. 103(a) as being unpatentable over 

Stemple (WO 00/53805, September 14, 2000) in view of Tsien (WO 91/06678). 

Stemple teaches the following chain terminating nucleotide, in Figure 1. 

Fluorochrome 

~ 
Photolabile linker 

/ 
Triphosphate ~ 

A 

' Base 
'Photolabile terminator 

~ 

' B. Ribose 

The four different nucleosides are pictured in Figure 1, including cytosine. The linker and the 3' 

blocking group can be removed chemically, enzymatically, or photolytically (page 4, first 

paragraph). The compounds are used in a reaction with polymerase (page 28), so it would be 

obvious to select substituents which are stable to the reaction and do not interfere with the 

reaction. The preferred blocking group is a 2-nitrobenzyl group (claim 6), which is not a 

methoxy or an ester group, does not contain a ketone group, and can be cleaved chemically. The 

labeling group is attached to the base via a detachable linker (claim 7). 

Stemple does not teach where the linker is attached to the base, and Stemple only 

exemplifies attaching the linker to the base in the case of adenine. 
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Tsien teaches a sequencing method using dNPTs dATP, dCTP, dGTP and dTTP. They 

may be blocked in the 3 '-OH position and tagged or labeled on the nucleoside base part. See 

page 10, first paragraph. The criteria for 3 '-blocking groups include the ability of a polymerase 

enzyme to accurately and efficiently incorporate the dNTPs carrying the 3'-blocking groups into 

the cDNA chain and the availability of mild conditions for deblocking. The most common 

blocking groups include ethers, particularly alkyl ethers (page 21, line 25) or allyl ether (page 24, 

line 29). These ethers are more stable and have advantages over esters (page 24, last paragraph). 

The fluorescent tag can be attached to the base moiety and chemically cleaved. See page 28, 

second paragraph. The tag can also be attached through a cleavable linker (page 28, third 

paragraph). Page 30 of Tsien illustrates where the linker is attached (same position as claimed 

compound). 

It would have been obvious to one of ordinary skill in the art at the time the invention 

was made to Stemple's compound containing 3'0H blocking groups and a fluorescent moiety 

attached to the base via a linker. The linker and capping groups used by Stemple are photolabile, 

and they are also chemically cleavable. In other words, they are capable of being cleaved by 

chemical methods. The skilled artisan knows that benzyl ethers (Stemple's capping group is a 

benzyl ether) can be cleaved by hydrogenation, among other chemical methods. The limitation 

"chemically cleavable" does not exclude compounds which are also photocleavable. 

Furthermore, it would have been obvious to use other chemically cleavable linkers and 

capping groups because it is suggested by Stemple. Tsien provides guidance for other capping 

groups and linkers, so the skilled artisan would have a reasonable expectation of success. 
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The nonstatutory double patenting rejection is based on a judicially created doctrine 

grounded in public policy (a policy reflected in the statute) so as to prevent the unjustified or 

improper timewise extension of the "right to exclude" granted by a patent and to prevent possible 

harassment by multiple assignees. A nonstatutory double patenting rejection is appropriate where 

the conflicting claims are not identical, but at least one examined application claim is not 

patentably distinct from the reference claim(s) because the examined application claim is either 

anticipated by, or would have been obvious over, the reference claim(s). See, e.g., In re Berg, 

140 F.3d 1428, 46 USPQ2d 1226 (Fed. Cir. 1998); In re Goodman, 11 F.3d 1046, 29 USPQ2d 

2010 (Fed. Cir. 1993); In re Langi, 759 F.2d 887, 225 USPQ 645 (Fed. Cir. 1985); In re Van 

Ornum, 686 F.2d 937, 214 USPQ 761 (CCPA 1982); In re Vogel, 422 F.2d 438, 164 USPQ 619 

(CCPA 1970); In re Thorington, 418 F.2d 528, 163 USPQ 644 (CCPA 1969). 

A timely filed terminal disclaimer in compliance with 37 CPR l.32l(c) or l.32l(d) may 

be used to overcome an actual or provisional rejection based on nonstatutory double patenting 

provided the reference application or patent either is shown to be commonly owned with the 

examined application, or claims an invention made as a result of activities undertaken within the 

scope of a joint research agreement. See MPEP § 717 .02 for applications subject to examination 

under the first inventor to file provisions of the AIA as explained in MPEP § 2159. See MPEP 

§§ 706.02(1)(1) - 706.02(1)(3) for applications not subject to examination under the first inventor 

to file provisions of the AIA. A terminal disclaimer must be signed in compliance with 37 CPR 

l.32l(b). 
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The USPTO Internet website contains terminal disclaimer forms which may be used. 

Please visit www.uspto.gov/patent/patents-forms. The filing date of the application in which the 

form is filed determines what form (e.g., PTO/SB/25, PTO/SB/26, PTO/ AIA/25, or 

PTO/AIA/26) should be used. A web-based eTerminal Disclaimer may be filled out completely 

online using web-screens. An eTerminal Disclaimer that meets all requirements is auto-

processed and approved immediately upon submission. For more information about eTerminal 

Disclaimers, refer to www .uspto.gov/patents/process/file/efs/guidance/eTD-info-1.jsp. 

Claim 61 is rejected on the ground of nonstatutory double patenting as being 

unpatentable over claims 1-11, 14, 17-19, 28, and 32 of U.S. Patent No. 7,790,869 in view of 

Tsien (WO 91/06678). 

The '869 patent claims a deoxyribonucleotide trip hosp hate wherein the base is a 

pyrimidine, the 3' OH capping group is MOM or allyl, containing a detectable fluorophore label 

attached through a cleavable linker (claims 1-10, 17-19). The linker and 3' OH cap can be 

cleaved by chemical means and do not interfere with the recognition of the nucleotide by a 

polymerase (claim 12). 

The '869 patent does not claim a particular pyrimidine or where the linker is attached. 

Tsien teaches a sequencing method using dNPTs dATP, dCTP, dGTP and dTTP. They 

may be blocked in the 3 '-OH position and tagged or labeled on the nucleoside base part. See 

page 10, first paragraph. The criteria for 3 '-blocking groups include the ability of a polymerase 

enzyme to accurately and efficiently incorporate the dNTPs carrying the 3'-blocking groups into 

the cDNA chain and the availability of mild conditions for deblocking. The most common 

blocking groups include ethers, particularly alkyl ethers (page 21, line 25) or allyl ether (page 24, 
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line 29). These ethers are more stable and have advantages over esters (page 24, last paragraph). 

The fluorescent tag can be attached to the base moiety and chemically cleaved. See page 28, 

second paragraph. The tag can also be attached through a cleavable linker (page 28, third 

paragraph). Page 30 of Tsien illustrates where the linker is attached (same position as claimed 

compound). 

It would have been obvious to one of ordinary skill in the art at the time the invention 

was made to prepare the claimed compound. The '869 claims require a pyrimidine and a 

cleavable linker. Tsien teaches only two pyrimidines used for DNA sequencing and teaches an 

appropriate linker and where it is attached on a pyrimidine. The skilled artisan would use this 

guidance to prepare the claimed compound. 

Claim 61 is rejected on the ground of nonstatutory double patenting as being 

unpatentable over claims 1-18 of U.S. Patent No. 7,345,159. Although the claims at issue are not 

identical, they are not patentably distinct from each other because the '159 patent claims the 

following compound wherein R is MOM or allyl (claim 12). 

This compound anticipates the claimed compound. 
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Claim 61 is provisionally rejected on the ground of nonstatutory double patenting as 

being unpatentable over claim 61 of copending Application No. 15/380,270 in view of Tsien. 

The '270 application claims a compound which differs from the compound recited in the 

instant claim because it is an adenine derivative and not a cytosine derivative. 

Tsien teaches a sequencing method using dNPTs dATP, dCTP, dGTP and dTTP. They 

may be blocked in the 3 '-OH position and tagged or labeled on the nucleoside base part. See 

page 10, first paragraph. 

It would have been obvious to one of ordinary skill in the art to modify the '270 

application compound to a cytosine derivative. Both cytosine and adenine derivatives are used 

in DNA sequencing, as taught by Tsien. Substitution of one base for another would give 

predictable results because all four bases taught by Tsien are used in the same process. 

This is a provisional nonstatutory double patenting rejection. 

Claim 61 is provisionally rejected on the ground of nonstatutory double patenting as 

being unpatentable over claim 61 of copending Application No. 15/380,311 in view of Tsien. 

The '311 application claims a compound which differs from the compound recited in the 

instant claim because it is a thymine derivative and not a cytosine derivative. 

Tsien teaches a sequencing method using dNPTs dATP, dCTP, dGTP and dTTP. They 

may be blocked in the 3 '-OH position and tagged or labeled on the nucleoside base part. See 

page 10, first paragraph. 

It would have been obvious to one of ordinary skill in the art to modify the '311 

application compound to a cytosine derivative. Both thymine and cytosine derivatives are used 
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predictable results because all four bases taught by Tsien are used in the same process. 

This is a provisional nonstatutory double patenting rejection. 

Page 12 

Claim 61 is provisionally rejected on the ground of nonstatutory double patenting as 

being unpatentable over claim 49 of copending Application No. 15/167,917 in view of Tsien. 

The '917 application claims a compound which differs from the compound recited in the 

instant claim because it is a guanine derivative and not an adenine derivative. 

Tsien teaches a sequencing method using dNPTs dATP, dCTP, dGTP and dTTP. They 

may be blocked in the 3 '-OH position and tagged or labeled on the nucleoside base part. See 

page 10, first paragraph. 

It would have been obvious to one of ordinary skill in the art to modify the '917 

application compound to a cytosine derivative. Both guanine and cytosine derivatives are used 

in DNA sequencing, as taught by Tsien. Substitution of one base for another would give 

predictable results because all four bases taught by Tsien are used in the same process. 

This is a provisional nonstatutory double patenting rejection. 

Conclusion 

No claims are allowed. 

Any inquiry concerning this communication or earlier communications from the 

examiner should be directed to LAYLA BERRY whose telephone number is (571)272-9572. 

The examiner can normally be reached on Monday - Friday, 10:00 - 6:30 EST. 
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Examiner interviews are available via telephone, in-person, and video conferencing using 

a USPTO supplied web-based collaboration tool. To schedule an interview, applicant is 

encouraged to use the USPTO Automated Interview Request (AIR) at 

http://www.uspto.gov/interviewpractice. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 

supervisor, Anna Jiang can be reached on (571) 272-0627. The fax phone number for the 

organization where this application or proceeding is assigned is 571-273-8300. 

Information regarding the status of an application may be obtained from the Patent 

Application Information Retrieval (PAIR) system. Status information for published applications 

may be obtained from either Private PAIR or Public PAIR. Status information for unpublished 

applications is available through Private PAIR only. For more information about the PAIR 

system, see http://pair-direct.uspto.gov. Should you have questions on access to the Private PAIR 

system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free). If you would 

like assistance from a USPTO Customer Service Representative or access to the automated 

information system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 

/LAYLA BERRY I 
Primary Examiner, Art Unit 1673 
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